コツケイセイ インシ ノ ジョホウカ ノ タメ ノ セイタイ キュウシュウセイ サイボウ アシバ ノ ザイリョウ セッケイ ト ソノ コツ サイセイノウ by Takahashi, Yoshitake
Title
MATERIAL DESIGN OF BIODEGRADABLE CELL
SCAFFOLDS FOR CONTROLLED RELEASE OF BONE
MORPHOGENETIC PROTEIN-2 AND THE BONE












MATERIAL DESIGN OF BIODEGRADABLE CELL SCAFFOLDS 
FOR CONTROLLED RELEASE OF BONE MORPHOGENETIC 














     
 
 
     
 

















GENERAL INTRODUCTION       1 
REFERENCES       10 
 
PART I BONE REGENERATION BY CONTROLLED RELEASE OF BONE 
MORPHOGENETIC PROTEIN-2 FROM BIODEGRADABLE HYDROGEL 
SCAFFOLDS 
 
Chapter 1. Ectopic bone formation by controlled release of BMP-2 from 
biodegradable hydrogels 
 INTRODUCTION       21 
 EXPERIMENTAL       22 
   Radioiodination of BMP-2     22 
   Preparation of gelatin and collagen hydrogels incorporating BMP-2  23 
In vivo evaluation of controlled release of BMP-2 from gelatin hydrogels  
incorporating BMP-2       24 
   Biochemical evaluation of BMP-2-induced ectopic bone formation  26 
   Histological evaluation of BMP-2-induced ectopic bone formation  27 
 RESULTS        28 
   In vivo controlled release of BMP-2 from gelatin hydrogels  28 
 
i 
 Ectopic bone formation induced by gelatin and collagen hydrogels incorporating 
BMP-2       29 
 DISCUSSION       35 
 REFERENCES       40 
 
Chapter 2.  Bone regeneration at an ulna defect of rabbits by controlled release of 
BMP-2 from biodegradable hydrogels 
 INTRODUCTION       43 
 EXPERIMENTAL       44 
   Materials       44 
   Preparation of gelatin hydrogels incorporating BMP-2   44 
   Surgical procedure to prepare a segmental ulna defect of rabbits  45 
   Assessment of bone regeneration     47 
 RESULTS        47 
Soft X-ray examination at a segmental ulna defect of rabbits  47 
Histological evaluation of BMP-2-induced bone regeneration  49 
Evaluation of mineral deposition at a segmental ulna defect of rabbits 50 
Effect of the water content of gelatin hydrogels incorporating BMP-2 on bone 
regeneration      50 
 DISCUSSION       52 




Chapter 3.  Bone regeneration at a skull defect of non-human primates by controlled 
release of BMP-2 from biodegradable hydrogels 
 INTRODUCTION       59 
 EXPERIMENTAL       60 
   Materials       60 
   Preparation of gelatin hydrogels and IBM incorporating BMP-2  61 
   Surgical procedure to prepare a skull defect of monkeys   62 
   Surgical procedure to prepare a skull defect of rabbits   64 
   Assessment of bone regeneration     65 
 RESULTS        66 
Soft X-ray examination at a skull defect of monkeys   66 
Histological evaluation of BMP-2-induced bone regeneration  68 
Evaluation of mineral deposition at an ulna defect of monkeys and rabbits 68 
 DISCUSSION       71 
 REFERENCES       75 
 
Chapter 4.  Ectopic bone formation by controlled release of BMP-2 from 
biodegradable scaffolds composed of gelatin and ß-TCP 
 INTRODUCTION       79 
 EXPERIMENTAL       81 
   Materials       81 
   Preparation of gelatin scaffolds with or without ß-TCP   81 
   In vitro compression resistance of gelatin and gelatin-ß-TCP scaffolds 82 
iii 
   Radioiodination of BMP-2      82 
   Preparation of gelatin and gelatin-ß-TCP scaffolds incorporating BMP-2  83 
In vivo evaluation of BMP-2 release from gelatin and gelatin-ß-TCP scaffolds  83 
 Histological evaluation of bone tissue ectopically induced gelatin and  
gelatin -ß-TCP scaffolds incorporating BMP-2    84 
Biochemical evaluation of BMP-2-induced ectopic bone formation   84 
Enzymatic degradation of gelatin and gelatin-ß-TCP scaffolds   84 
 RESULTS         85 
Characterization of gelatin and gelatin-ß-TCP scaffolds    85 
In vivo evaluation of BMP-2 release from gelatin and gelatin-ß-TCP scaffolds 
incorporating BMP-2       85 
Ectopic bone formation induced by gelatin and gelatin-ß-TCP scaffolds  
incorporating BMP-2       87 
 DISCUSSION        90 
 REFERENCES        96 
 
PART II OSTEOGENIC DIFFERENTIATION AND BONE REGENERATION OF MSC 
COMBINED WITH DIFFERENT SCAFFOLDS 
 
Chapter 5. Homogeneous seeding of MSC into non-woven fabrics for bone 
regeneration 
 INTRODUCTION       103 
 EXPERIMENTAL       104 
iv 
  MSC isolation and culture     104 
   Preparation of non-woven fabrics     105 
   Cell seeding into non-woven fabrics    105 
   DNA assay      105 
   SEM observation of cells attached to non-woven fabrics   106 
   Histological evaluation of cells attached to non-woven fabrics  106 
  Measurement of LDH activity and medium pH   107 
 RESULTS        107 
Cell attachment to non-woven fabrics    107 
   Effect of agitation speed on cell attachment    108 
   SEM of cell attached non-woven fabrics under various cell culture conditions 109 
  Cell distribution to non-woven fabrics    112 
   Metabolism of cells cultured by the static and agitated seeding methods 112 
 DISCUSSION       115 
 REFERENCES       117 
 
Chapter 6. Osteogenic differentiation of MSC in non-woven fabrics with different 
diameters and porosities 
 INTRODUCTION       121 
 EXPERIMENTAL       122 
   MSC isolation and culture     122 
   Preparation of non-woven fabrics     123 
   Cell seeding into non-woven fabrics and culture of cell-seeded fabrics 125 
v 
   SEM observation of cell-seeded non-woven fabrics   126 
   DNA assay      126 
  Biochemical evaluation of cell-seeded non-woven fabrics  126 
 RESULTS        127 
Cell attachment to the non-woven fabrics prepared from the PET fibers of  
various diameters       127 
Cell proliferation on the non-woven fabrics prepared from the PET fibers with 
various diameters      131 
Bone formation of MSC on the non-woven fabrics prepared from fibers with  
various diameters      131 
 DISCUSSION       135 
 REFERENCES       137 
 
Chapter 7. Osteogenic differentiation of MSC in biodegradable scaffolds composed of 
gelatin and ß-TCP 
 INTRODUCTION       143 
 EXPERIMENTAL       144 
   Materials       144 
   Preparation of gelatin scaffolds with or without ß-TCP   145 
   Mechanical test      145 
   MSC isolation and culture     146 
   Cell seeding into gelatin-ß-TCP scaffolds    146 
   Cell culture of cell-seeded gelatin-ß-TCP scaffolds   147 
vi 
   SEM observation of cell-seeded gelatin-ß-TCP scaffolds   147 
   DNA assay      148 
Biochemical and histological evaluations of cell-seeded gelatin-ß-TCP scaffolds 148 
 RESULTS        149 
Characterization of gelatin-ß-TCP scaffolds    149 
Attachment and proliferation of MSCs in gelatin-ß-TCP scaffolds   149 
Volume change of gelatin-ß-TCP scaffolds during culture  152 
Cell density of MSCs cultured in gelatin-ß-TCP scaffolds  152 
Osteogenic differentiation of MSCs cultured in gelatin-ß-TCP scaffolds 156 
Histological evaluation of gelatin-ß-TCP scaffolds after the static and stirring 
culture       156 
 DISCUSSION       159 
 REFERENCES       163 
 
Chapter 8.  Bone regeneration at an X-ray irradiated ulna defect of rabbits by 
biodegradable scaffolds of gelatin and ß-TCP enabling bone 
morphogenetic protein-2 release plus autologous bone marrow 
 INTRODUCTION       169 
 EXPERIMENTAL       171 
   Materials       171 
Scaffolds       171 
Preparation of gelatin-β-TCP scaffolds incorporating BMP-2 with or without  
bone marrow combination     172 
vii 
   Surgical procedure to evaluate bone regeneration at the ulna defect of rabbits 
with or without X-ray irradiation     173 
   Assessment of bone regeneration     174 
 RESULTS 
μCT observation of bone regeneration in ulna defects   175 
Histological evaluation     179 
Mineral deposition at the ulna defect of rabbits   179 
 DISCUSSION       182 
 REFERENCES       186 
 
SUMMARY        189 
LIST OF PUBLICATIONS       195 




ALP   Alkaline phosphate 
bFGF   basic fibroblast growth factor 
BM   Bone marrow 
BMC   Bone mineral content 
BMD   Bone mineral density 
BMP   Bone morphogenetic protein 
β-TCP  β-tricalcium phosphate 
DDS   Drug delivery system 
DDW   Double-distilled water 
DEXA  Dual-energy X-ray absorptometry 
DMEM  Dulbecco’s modified Eagle’s minimum essential medium 
DNA   Deoxyribonucleic acid 
EDTA   Ethylenediaminetetraacetic acid 
EDX   Energy dispersive X-ray 
ELISA  Enzyme-linked immunosorbent assay 
FCS   Fetal calf serum 
Gelatin-β-TCP  Gelatin incorporating β-TCP 
HAp   Hydroxyapatite 
HE   Hematoxylin and eosin 
HGF   Hepatocyte growth factor 
IBM   Insoluble bone matrix 
ix 
IEP   Isoelectric point 
LDH   Lactate dehydrogenase 
μCT   micro-computed tomography 
MSC   Mesenchymal stem cells 
OP-1   Osteogenic protein-1 
PBS   Phosphate buffered saline solution 
PET   Poly(ethylene terephthalate) 
pQCT   peripheral quantitative computed tomography 
rhBMP  recombinant human bone morphogenetic protein 
SDS   Sodium dodecyl sulfate 
SEM   Scanning electron microscopy 
SSC   Sodium citrate-buffered saline solution 
TGF-β  Transforming growth factor-β 




Bone reconstruction is a clinically important procedure to treat bone defects and has been widely 
tried by different methods.  Basically, bone has the inherent ability to spontaneously repair itself for the 
bone fracture of small size.  However, such a self-repairing cannot always be expected for large-size 
defects that are caused by trauma, tumor resection, spinal arthodesis, and congenital abnormalities.  This 
situation often happens clinically and the therapeutic demand has been being increased recently [1].  
Autograft, which is considered to be a gold standard as bone substitutes, is applied to the defect site 
because it provides a suitable environment for cell attachment, proliferation, and differentiation for bone 
regeneration [2].  However, it has several disadvantages, such as the limited donor supply, potential 
complications with chronic pain at the donor sites [3, 4].  On the other hand, allograft is being performed 
clinically [2], but the rate of graft integration into the surrounding natural bone is lower than that of 
autograft.  In addition, it is necessary for the allograft to consider a risk of disease transmission and 
postoperative complications due to the tissue rejection [4, 5].  Therefore, under these circumstances, as 
the substitute for the bone grafts, the biomaterials of metals and ceramics have been investigated and 
developed.  Although the above problems may be cleared, they have other disadvantages, such as the 
lack of biodegradability under physiological conditions and the limited processability [6].  Especially, 
metals show poor integration property to the bone tissue at the implantation site compared with the 
autograft and allograft although they provide mechanical support [7].  Different from artificial 
biomaterials, one of the important advantages for the bone graft is to positively accelerate osteoconduction 
and osteoinduction.  As one trial to tackle and improve the points to be resolved, bone tissue engineering 
has been attracted much attention as a new therapeutic technology [8-11].  The basic idea is to provide 
key cells the local environment suitable to promote their proliferation and differentiation for the induction 
of tissue regeneration.   
 Generally, there are three factors necessary for tissue engineering, such as cells, the scaffold for 
cell proliferation and differentiation, and growth factors.  Without any treatments, a large-sized body 
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defect will be naturally occupied with the fibrous tissue.  If this tissue occupation takes place, the defect 
will never be regenerated and repaired by the right tissue to be expected.  For successful bone 
regeneration, it is indispensable to efficiently build up the regeneration environment by making use of 
various biomaterials or their combination with key cells and growth factors.  It is well recognized that the 
extracellular matrix of natural scaffold provides not only a physical support for cells, but also plays an 
important role in the cell proliferation and differentiation or cell-mediated morphogenesis [11-15].  The 
scaffold of biomaterials has been designed and prepared for the local environment of tissue regeneration.  
The scaffolds should be biodegradable to disappear in the body accompanied with bone regeneration at the 
defect [12, 16, 17].  In addition, the degradation products should not be toxic and must be naturally 
excreted by metabolic pathways.  So far, three-dimensional materials with a porous structure have been 
designed for the cell scaffold from glycolide-lactide copolymer non-woven fabrics, collagen sponges, 
calcium phosphate ceramics, and PEG-based hydrogels [2, 12, 18-21].  Among them, hydroxyapatite 
(HAp) and β-tricalcium phosphate (β-TCP) have been intensively investigated as the scaffold material for 
bone tissue engineering because it is well recognized that they are compatible to natural bone tissue and 
osteoconductive [2, 22-27].  However, HAp is not practically degraded under physiological conditions and 
remains inside the bone tissue regenerated.  Therefore, as one trial to control the in vivo degradability, the 
HAp is combined with organic materials, such as collagen and glycolide-lactide copolymers [28-31].  The 
combination is effective in manipulating the degradation and mechanical properties for the HAp scaffolds.  
On the other hand, β-TCP is advantageous from the viewpoint of the biodegradability, although brittle 
compared with HAp [32, 33].  Several requirements should be considered in the design of 
three-dimensional scaffolds for bone tissue engineering.  Firstly, the scaffold should have sufficient 
porosity for cell proliferation, differentiation, and ingrowth, resulting in promoted bone regeneration.  
Higher porosity more than 90 % is important for scaffolds [34, 35].  The pore size is one key factor for the 
scaffold design.  It is reported that the pore size ranging 150-400 μm is preferable for the bone 
regeneration [36-38].  High interconnectivities between pores are also desirable for homogeneous cell 
seeding and distribution, oxygen or nutrient supply, and excretion of metabolic waste from the cell-scaffold 
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constructs [36].  It has been widely accepted that the cell-scaffold interaction is greatly influenced by their 
porous structure.  In addition, the scaffold requires suitable surface properties because the cell behavior is 
greatly influenced by roughness, topography, wettability, charge, and chemical composition of scaffold 
surface [39, 40].   
 If the surrounding tissue of bone defect has a high potential toward regeneration, bone tissue will 
be newly formed in the scaffold implanted into the bone defect by seeded cells or cells infiltrating from the 
surrounding tissues.  However, when the regeneration potential is very low, bone regeneration will not 
always be expected similarly.  In this situation, it is one of the practically possible ways to utilize growth 
factors to accelerate the induction of bone regeneration.  The recent research development of basic 
biology and medicine reveals that growth factors play an important role in the proliferation and 
differentiation of cells both in vitro and in vivo [41, 42].  However, only by the directed injection of 
growth factor in the solution form into the target site to be regenerated, we cannot always expect the growth 
factor-induced tissue regeneration.  This is because the growth factor generally has a very short half-life in 
the body [43, 44], and is rapidly excreted from the site injected or deactivated by the attack of enzymes and 
antibodies.  Consequently, the high dosage administration and repeated regimens are necessary for bone 
regeneration.  However, they often cause adverse effects [45].  As one trial to efficiently enhance the in 
vivo biological efficacy of growth factor, it is practically possible to make use of the technology and 
methodology of drug delivery systems (DDS).  For example, a growth factor is incorporated into a carrier 
matrix for the controlled release and applied to the site to be regenerated.  It is likely that this release 
system efficiently enhances the local concentration of growth factor over a certain time period, resulting in 
promoted tissue regeneration.   
 Osteoinductive properties of bone morphogenetic protein (BMP) family have been attracted 
much attention in terms of bone regeneration because BMP has high potentials to stimulate the 
differentiation of MSC into osteogenic lineage.  It is strong enough to induce bone formation even at 
ectopic sites, such as subcutis and muscle [45, 46].  There are at least 15 types of BMP currently reported, 
and some recombinant human BMPs (rhBMP) are available at large amounts by the recombinant DNA 
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technology [47, 48].  Among them, rhBMP-2 and rhBMP-7 (OP-1) have already been clinically applied to 
repair the critical-sized bone defect and accelerate fracture healing [49, 50].  On the other hand, several 
preclinical studies have revealed that BMP administrated in the solution form does not always induce the 
expected efficacy in bone regeneration.  BMP at physiologically high doses is often required to achieve 
bone formation [51].  To tackle these problems, various biodegradable carriers, including collagen [52, 
53], lactide-glycolide copolymers [54, 55], ß-tricalcium phosphate [56], and ethylene glycol-lactic acid 
copolymers [57], have been employed for the carrier matrices for BMP release.  An osteogenic product 
composed of BMP-7 and collagen of the release carrier has been commercially available [58].  It is 
strongly indicated from these findings that the combination of BMP with the release material is absolutely 
needed to achieve the in vivo BMP-induced bone formation.  However, little has been investigated on the 
ability of BMP for bone regeneration from the viewpoint of the in vivo release profile.   
 We have already prepared a hydrogel from gelatin with different biodegradabilities and 
succeeded in augmenting the biological effects of basic fibroblast growth factor (bFGF) [59, 60], 
transforming growth factor-ß1 (TGF-ß1) [61, 62], and hepatocyte growth factor (HGF) [63].  Gelatin was 
selected as the carrier material for growth factor release because it is commercially available with various 
physicochemical properties and has been extensively used for industrial, pharmaceutical, and medical 
purposes.  The biosafety of gelatin has been proved through the long clinical use [64].  Another unique 
advantage is the electrical nature of gelatin which allows a growth factor with an electrical charge to 
physically immobilize into the gelatin-based hydrogel without its denaturation [65].  It is demonstrated 
that the time period of growth factor remaining in the hydrogel is good accordance with that of hydrogel 
remaining.  Only when the hydrogel is enzymatically degraded to generate water-soluble gelatin 
fragments, the growth factor immobilized can be released from the hydrogel [65, 66].  The in vivo 
degradability of gelatin hydrogels depended on their water content which can be modified by changing the 
preparation conditions.  Moreover, it should be noted that gelatin hydrogels can be formulated into 
different shapes, such as disks, tubes, sheets, and microspheres.   
It is undoubtedly necessary for successful tissue regeneration to make use of cells constituting 
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tissue to be regenerated, such as mature, progenitor, precursor, and stem cells.  Considering their 
proliferation and differentiation potentials, stem cells are practically promising.  Among them, 
mesenchymal stem cells (MSC) have been extensively investigated for the therapeutic applications of 
regenerative medicine because they can be clinically isolated from the bone marrow of patients [67, 68].  
It is well recognized that MSC have an inherent potential to differentiate into a variety of cell lineages, such 
as bone, cartilage, tendon, muscle, and fat cells [69, 70].  Osteogenic differentiation of MSC has been 
experimentally confirmed for the in vitro culture with ß-glycerophosphate, ascorbic acid, and 
dexamethazone.  In addition, it is reported that MSC can be passaged in vitro over 30 population 
doublings in vitro and expanded in number by over 1 billion-fold without loss of the osteogenic potential 
[71].  Therefore, the MSC expanded in vitro up to large enough number are seeded into the scaffold, and 
the MSC-scaffold construct is applied to a bone defect for bone regeneration [72-75].  To prepare the 
MSC-scaffold construct with a good potential of bone regeneration, it is necessary to improve the cell 
seeding method which allows cells to distribute homogeneously inside the scaffold.  The spatially uniform 
distribution of cells throughout the scaffold with a high density and good cellularity is essential for bone 
regeneration in vitro or in vivo.  In spite of the practical significance, normally, cells are seeded into the 
scaffold by the conventional static seeding method, which often results in non-uniform distribution of 
seeded cells and poor cellularity [76, 77].  So far, some researches have focused on the cell seeding 
method to tackle the problems [78-81].   
 The objective of this thesis is to develop the cell scaffold which is applicable for the controlled 
release of BMP-2 as well as the three-dimensional culture of MSC aiming at bone regeneration.  In Part I, 
biodegradable gelatin hydrogels incorporating BMP-2 with different water contents are prepared for the 
controlled release.  The feasibility of ectopic bone formation and bone regeneration by the controlled 
release of BMP-2 from the hydrogel is investigated with various animal models.  In addition, 
biodegradable scaffolds composed of gelatin and ß-TCP are designed to provide the material both the 
property of BMP-2 release and the culture substrate of cells.  Part II is concerned with the combination of 
MSC with different scaffolds for the osteogenic differentiation and in vivo bone regeneration.  The method 
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of cell seeding into the scaffold is also investigated in terms of distribution uniformity of cells, while the in 
vitro culture of MSC is performed to evaluate the effect of the scaffold type on the osteogenic 
differentiation.   
 Chapter 1 describes an investigation to design the material for the in vivo controlled release of 
BMP-2 from biodegradable gelatin hydrogels to enhance the activity of BMP-2 for bone formation.  
Gelatin hydrogels with different biodegradabilities were obtained by changing the concentration of gelatin 
and glutaraldehyde of chemical crosslinker used in hydrogel preparation.  Following the subcutaneous 
implantation of various gelatin hydrogels incorporating BMP-2 into the back of mice, the time profile of 
BMP-2 release was examined to the influence on the BMP-2-induced ectopic bone formation.   
 Several research reports have demonstrated that BMP at physiologically high doses is required to 
achieve bone formation in non-human primates, which is in contrast to the case of other animals [51].  
One of the possible reasons for this species-dependent dose issue is the immatured technology for the in 
vivo release of BMP.  Chapters 2 and 3 deal with the orthotopic bone regeneration by the controlled 
release of BMP-2 at the bone defect of rabbits and monkeys, respectively.  Chapter 2 describes the bone 
regeneration at a rabbit ulna defect by the controlled release of BMP-2 from the gelatin hydrogel.  
Hydrogels with three different biodegradabilities were prepared by changing the concentration of gelatin 
and glutaraldehyde in hydrogel preparation.  The gelatin hydrogel incorporating BMP-2 was implanted 
into the ulna defect, while as a control, free BMP-2 was applied.  Bone regeneration by the hydrogel 
incorporating BMP-2 at the defect was compared with that of free BMP-2.  The effect of BMP-2 release 
profile on the bone regeneration was also evaluated.   
 Chapter 3 describes the bone regeneration by the controlled release of BMP-2 from the gelatin 
hydrogel for a skull bone defect of non-human primates and rabbits.  The gelatin hydrogel incorporating 
BMP-2 with different biodegradabilities was implanted into both the skull defects.  The effect of the 
hydrogel biodegradabilities and the BMP-2 dose on the BMP-2-induced bone regeneration was investigated, 
while the bone regeneration was compared with that of insoluble bone matrix (IBM) incorporating BMP-2 
which is a gold standard material.  The data obtained clearly indicated that the hydrogel of well-controlled 
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release system enabled BMP-2 to induce bone regeneration even at the bone defect of non-human primates 
at the doses as low as that of rabbits.   
 Gelatin hydrogel functions as the release carrier of BMP-2 to promote the ability for bone 
regeneration.  If the gelatin hydrogel also has a pore structure, it is highly expected that the porous 
hydrogel functions as the scaffold for the attachment and proliferation of osteogenic cells, in addition to the 
carrier of BMP-2 release.  For this purpose, it is necessary to improve the poor stiffness of gelatin 
hydrogel.  In Chapter 4, the scaffolds of gelatin sponge incorporating ß-TCP granules are prepared to 
improve the mechanical problem.  Gelatin scaffolds incorporating different contents of ß-TCP were 
fabricated by a simple forming method of gelatin solution in the presence of ß-TCP granules.  Following 
incorporation of BMP-2 into the gelatin-ß-TCP scaffolds, the in vivo profiles of BMP-2 release and the 
osteoinduction activity were investigated in terms of the amount of ß-TCP incorporated.   
 PART II of this thesis is directed to evaluate the osteogenic differentiation of MSC cultured in 
various three-dimensional scaffolds and the property of MSC-scaffold construct to induce bone 
regeneration.  The cell seeding method to achieve the uniform distribution of MSC inside the scaffold was 
optimized.  The effect of the scaffold type on the osteogenic differentiation of MSC was investigated, 
while in vivo bone regeneration by the MSC-scaffold construct was evaluated.  Chapter 5 focuses on the 
optimization of MSC seeding conditions for their uniform distribution inside the non-woven fabrics of 
scaffold.  The initial attachment of MSC to the non-woven PET fabrics was evaluated in terms of the 
agitation speed, culture vessel shape, and volume of culture medium.  The distribution pattern of cells 
seeded inside the fabrics was investigated and compared with that of the conventional static seeding 
method, while the cell damage during the seeding process was evaluated.   
 It is recognized that the physicochemical properties of scaffolds greatly affect the attachment, 
proliferation, and biological activity of cells, which consequently contributes to the process of tissue 
regeneration [14, 82, 83].  Among the scaffold properties, the surface morphology of scaffolds is one of 
the important factors contributing to the proliferation and differentiation of cells [39, 40].  Chapter 6 
investigates the effect of the fiber diameter and porosity of non-woven fabrics on the osteogenic 
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differentiation of MSC.  The non-woven PET fabric of non-biodegradability was used as a model scaffold 
because the biodegradability of scaffold often makes it complicated to evaluate the cell-scaffold interaction.  
After seeding MSC into the non-woven fabric of PET fibers with different diameters, their attachment, 
proliferation, and osteogenic differentiation were investigated.  The effect of the fabrics porosity on the 
proliferation and differentiation of MSC was also evaluated.   
 Chapter 7 describes the osteogenic differentiation of MSC in the biodegradable sponge scaffolds 
composed of gelatin and ß-TCP.  The sponge with a pore structure functions as the scaffold for 
three-dimensional culture of MSC, in addition to the release carrier of BMP-2.  It is also expected that the 
mechanical property and osteoinductivity of scaffold are improved by the ß-TCP incorporation.  Gelatin 
scaffolds incorporating different amounts of ß-TCP were fabricated by simple forming procedure of gelatin 
solution in the presence of ß-TCP granules.  After seeding MSC into the gelatin-ß-TCP scaffold by the 
agitating method, the cell-seeded scaffolds were cultured by the static or stirring culture method.  The 
attachment, morphology, proliferation, and osteogenic differentiation of MSC were compared between the 
scaffolds incorporating different amounts of ß-TCP.  The effect of the culture method on the MSC 
behaviors was also investigated.   
 After the surgical resection of cancer, X-ray irradiation is often performed to prevent the 
recurrence and metastasis of cancer.  This irradiation often induces osteoradionecrosis, resulting in 
decreasing or losing the natural potential of bone regeneration [84, 85].  Therefore, it is practically 
necessary to develop a technology to induce bone regeneration even at the tissue site of such unhealthy 
conditions.  For this purpose, combination of MSC, the scaffold, and the controlled release system of 
growth factor is promising.  Chapter 8 investigates the feasibility of gelatin-ß-TCP scaffolds in enhancing 
bone regeneration at a segmental ulna defect of rabbits X-ray irradiated.  The gelatin-ß-TCP scaffold with 
or without the combination of MSC and/or BMP-2 was implanted into the ulna defect and the effect of the 
scaffold type on the bone regeneration at the defect was assessed in terms of the histological and pQCT 
examinations.   
 In summary, this thesis describes the feasibility of gelatin-based scaffolds in the controlled 
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release carrier of BMP-2 and the three-dimensional matrix of MSC for osteogenic differentiation.  It is 
concluded that this material design of scaffold is promising to effectively induce bone regeneration based 
on tissue engineering.   
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BONE REGENERATION BY CONTROLLED RELEASE OF  
BONE MORPHOGENETIC PROTEIN-2  
FROM BIODEGRADABLE HYDROGEL SCAFFOLDS 
Chapter 1 
 
Ectopic bone formation by controlled release of BMP-2 




 Osteoinductive proteins of bone morphogenetic protein (BMP) family have been attracted much 
attention in the field of bone reconstructive surgery because they show various biological activities to 
induce bone formation both orthotopically and ectopically in the body [1, 2].  The current recombinant 
DNA technologies have enabled recombinant human BMPs to produce the amount enough for the basic and 
applied researches [3].  Among them are recombinant human BMP-2 and BMP-7 (OP-1) of which the 
clinical trials have been started for local bone regeneration at the bone defect of size as large as impossible 
to naturally repair only by the self-healing ability of human body [4, 5].  However, the BMP administrated 
in the solution form does not always induce the expected efficacy in bone regeneration.  This is mainly 
due to the in vivo short retention of BMP protein itself.  Therefore, it is necessary to develop an 
administration carrier for the controlled release of biologically active BMPs over an extended time period.   
Biodegradable carriers incorporating BMP have been placed in bone defects [1].  In this case the 
matrices serve as the carrier of the growth factors, and occasionally function also as the substrate for bone 
cell attachment.  Numerous carriers were shown to be compatible with the osteoinductive activity of BMP 
[6].  Among them, collagen-based carriers are being used in a clinical setting.  These choices have been 
based on a series of preclinical studies, which indicated a pharmacological induction of local bone 
formation by BMP.  Uludag et al. have demonstrated from the pharmacokinetic study of BMP-2 with 
collagen sponge, demineralized bone matrix, polyglycolide, and calcium phosphates (hydroxyapatite, 
tricalcium phosphate) that the locally retained concentration of BMP well correlated with the 
osteoinductive potency; the higher the concentration of BMP at the site applied, the higher the 
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osteoinductive activity [7-12].  In spite of the significance of BMP localization in biological activity, little 
has been investigated on the relationship between the in vivo local retention of BMPs and osteoinductive 
potency, much less to positively change the BMP-2 retention by changing the release carrier. 
Gelatin is biodegradable and has been extensively used for food, pharmaceutical, and medical 
purposes and its biosafety has been proven through their long practical applications [13].  The material 
advantages of gelatin are the easiness of chemical modification and the commercial availability of materials 
with different properties.  We have prepared hydrogels of different biodegradable profiles from gelatin and 
succeeded in inducing the biological activities of basic fibroblast growth factor (bFGF) [14], transforming 
growth factor-β1 (TGF-β1) [15], and hepatocyte growth factor (HGF) [16] through their controlled release 
with the biodegradable hydrogel, although usage of the growth factors in the solution form was not 
effective.   
The objective of this chapter is to prepare an in vivo release system of BMP-2 from 
biodegradable gelatin hydrogels for the enhancement of BMP-2 bone formation activity.  Hydrogels with 
different biodegradabilities were obtained by changing the concentration of gelatin and glutaraldehyde used 
in hydrogel preparation.  Following the subcutaneous implantation of various gelatin hydrogels 
incorporating BMP-2 into the back of mice, the time profile of BMP-2 retention was evaluated to compare 




Radioiodination of BMP-2 
 Human recombinant BMP-2 (Yamanouchi Pharmaceutical Co., Japan) was radioiodinated 
according to the method of Greenwood et al. [17].  Briefly, 4 µl of Na125I was added to 40 µl of 3 mg/mｌ 
BMP-2 solution in 5 mM glutamic acid, 2.5 wt% glycine, 0.5 wt% sucrose, and 0.01 wt% Tween 80 (pH 
4.5).  Then, 0.2 mg/ml of chloramine-T in 0.5 M potassium phosphate-buffered solution (pH 7.5) 
containing 0.5 M sodium chloride (100 µl) was added to the solution mixture.  After agitation at room 
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temperature for 2 min, 100 µl of phosphate-buffered saline solution (PBS, pH 7.5) containing 0.4 mg of 
sodium metabisulfate was added to the reaction solution to stop the radioiodination.  The reaction mixture 
was passed through an anionic-exchange column to remove the uncoupled, free 125I molecules from the 
125I-labeled BMP-2.   
 
Preparation of gelatin and collagen hydrogels incorporating BMP-2 
 Hydrogels were prepared through the chemical crosslinking of aqueous gelatin solution with 
glutaraldehyde according to the method described previously [15].  Briefly, an aqueous glutaraldehyde 
solution of gelatin was cast into a polypropylene dish (138×138 mm2, BIO-BIK) at various concentrations 
of glutaraldehyde and gelatin shown in Table 1-1, followed by the crosslinking reaction at 4 °C for 12 hr.  
The crosslinked hydrogel prepared was punched out to obtain the discs of 6 mm diameter.  The hydrogel 
discs were stirred in 100 mM aqueous glycine solution at 37 °C for 1 hr to block the residual aldehyde 
groups of glutaraldehyde.  Following washing three times with double-distilled water (DDW), the discs 
were freeze-dried and sterilized with ethylene oxide gas.  The hydrogel weight was measured before and 
after complete drying at 70 oC under vacuum and the water content, the weight percentage of water in the 
wet hydrogel, was calculated from the weight values [18]. 
 
 Table 1-1   Preparation of gelatin hydrogels with different water contents. 




Water content (wt%) 
 
93.8 0.83  5 
96.9 0.65  3 
97.8 0.16  3 
99.1 0.09  3 
99.7 0.06  3 
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A collagen sponge was kindly provided from Gunze Ltd. Japan [19].  For the sponge preparation, 
a collagen solution (0.3 wt % of type I atelocollagen, Cell matrix®; Nitta Gelatin Co. Ltd., Japan, pH 3.0) 
was stirred at 2,000 rpm for 1 hr at 4 oC to generate small bubbles and then freeze-dried.  The resulting 
sponge of 3-mm thickness was thermally crosslinked under vacuum for 24 hr at 105 oC and additionally 
underwent chemical crosslinking in 0.2 vol% acetic acid solution of glutaraldehyde for 24 hr at 4 oC.  
Following DDW washing similarly, the sponge was freeze-dried and sterilized by ethylene oxide gas.  The 
average pore size, pore volume fraction, and density of sponge prepared were measured by the method 
described elsewhere [20] and were 86 μm, 87 vol%, and 1.0×10-2 g/cm3, respectively. 
To prepare gelatin and collagen hydrogels incorporating BMP-2, 20 µl of aqueous solution 
containing BMP-2 (2.5×10-2, 5.0×10-2, and 2.5×10-1 μg/μl) or 125I-labeled BMP-2 (1.2×10-1 μg/μl) was 
dropped onto the respective freeze-dried sample, followed by leaving them at 4 °C overnight.  The 
BMP-2-incorporated gelatin and collagen hydrogels prepared were used without washing.  Similarly, 20 
μl of BMP-2-free PBS was impregnated into freeze-dried gelatin hydrogels to obtain BMP-2-free, empty 
hydrogels. 
 
In vivo evaluation of controlled release of BMP-2 from gelatin hydrogels incorporating BMP-2 
 Table 1-2 summarized overall experimental design for in vivo evaluation of BMP-2 release.  The 
125I-labeled BMP-2-incorporated gelatin and collagen hydrogels were implanted into the back subcutis of 6 
week-age female ddY mice (Shimizu Laboratory Supply Inc., Japan) at the central position 15 mm away 
from their tail root.  As a control, 100 µl of aqueous solution of 125I-labeled BMP-2 (2.4×10-2 μg/μl) was 
subcutaneously injected into the mouse back.  At different time intervals, the skin on the back of mice 
around the implanted or injected site of BMP-2 was cut into a strip of 3×5 cm2 and the corresponding facia 
was thoroughly wiped off with a filter paper to absorb 125I-labeled BMP-2.  The radioactivity of gelatin 
and collagen hydrogels remaining, excised skin, and filter paper was measured on the gamma counter 
(ARC-301B, Aloka Co., Ltd., Japan) to assess the time profile of in vivo BMP-2 retention.  
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The radioactivity was divided by the original radioactivity of gelatin and collagen hydrogels incorporating 
125I-labeled BMP-2 and aqueous solution of 125I-labeled BMP-2 to calculate the percent remaining of 
BMP-2.  All the radioactivities were compensated for the natural decay of 125I.  Experimental group was 
composed of 3 mice unless otherwise mentioned. 
 For evaluation of in vivo half-life period of BMP-2 in the solution or hydrogel-incorporating form, 
a biexponential model was used to obtain half-lives, t1/2: C(t)=Ae-mt+Be-nt, where C(t) = radioactivity at 
time t; A and B = constants; m and n = rate constants; and t1/2 = 0.693/rate constant.  In this model, BMP-2 
release from hydrogels is assumed to be described by two distinct processes, each characterized by a t1/2 
that represents the average time required for 50 % of the dose to be released from the hydrogels [7].   
 In vivo degradation of gelatin hydrogels was examined by use of 125I-labeled gelatin hydrogels. 
Briefly, gelatin hydrogels were radioiodinated by use of Bolton-Hunter reagent [18, 21].  The 125I-labeled 
gelatin hydrogels were implanted in the back subcutis of mice (3 mice/experimental group).  At different 
time intervals, the radioactivity of explanted hydrogels and the surrounding tissues was measured to 
evaluate the time profile of in vivo hydrogel degradation.  The percentage of the remaining radioactivity 
was expressed as the radioactivity ratio of the remaining hydrogels to the original 125I-labeled gelatin 
hydrogel.   
 
Biochemical evaluation of BMP-2-induced ectopic bone formation 
 As shown in Table 1-2, gelatin hydrogels incorporating 0.5, 1.0, and 5.0 µg of BMP-2 and 
collagen hydrogels incorporating 1.0 and 5.0 µg of BMP-2 were implanted into the back subcutis of ddY 
mice (6 mice/experimental group), while 100 µl of aqueous BMP-2 solution at concentrations of 5×10-3, 
1×10-2, and 5×10-2 µg/µl was injected subcutaneously into the mice back. The BMP-2-free, empty gelatin 
hydrogel and BMP-2-free PBS were used as controls.  The skin tissue including the hydrogel-implanted or 
injected site was taken out for following biochemical assays 1, 2, and 4 weeks later. 
The tissues obtained was freeze-dried and crushed.  The crushed tissue (5 mg) was homogenized 
in 1 ml of mixed solution of 0.2 % Nonidet P-40, 10 mM Tris-HCl, and 1 mM MgCl2 (pH 7.5). The 
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homogenate was centrifuged at 12,000 rpm and 4 oC for 15 min and the alkaline phosphatase (ALP) 
activity of supernatant obtained was determined by a p-nitro phenyl-phosphate method [22]. 
For the determination of osteocalcin content, the crushed tissue (5 mg) was decalcified with 40 % 
formic acid (1 ml) for 12 hr.  During the decalcification process, the non-collagenous proteins of bone 
matrix were extracted.  After desalting of the extracts with a gel filtration using SephadexTM G-25M 
column (PD-10, Amersham Pharmacia biotech AB, Sweden), the resulting solution was freeze-dried and 
subjected to an osteocalcin radioimmunoassay (mouse osteocalcin IRMA kit, Immutopics, Inc., USA) [22].   
 
Histological evaluation of BMP-2-induced ectopic bone formation 
The subcutaneous tissue including the BMP-2-incorporated or BMP-2-free gelatin hydrogel was 
embedded into Tissue-Tek (Sakura, Co., Ltd., Japan), followed by freezing in liquid nitrogen.  After 
fixation with acetone, cryo-sections of the tissues (6 µm thickness) was stained for ALP by using sodium 
naphthol AS-BI phosphate and fast blue RR as a substrate and diazonium salt [23], while it was 
counter-stained with Mayer’s hematoxylin solution.   
Calcium deposition of the tissues was visualized by von Kossa staining according to the method 
described by Drury et al. [24].  Briefly, the paraffin-embedded tissues were sectioned and stained with 
silver nitrate, followed by washing with sodium thiosulphate and DDW. The sections prepared were 
histologically viewed on a light microscope (AX-80, Olympus, Japan). 
 
Statistical analysis 
All the values were shown as the mean value ± the standard deviation of the mean.  The 
pairwise comparisons of individual group means were conducted based on the Tukey test.  Values of p < 
0.05 were considered statistically significant. 
 




In vivo controlled release of BMP-2 from gelatin hydrogels 
 Figure 1-1 shows the in vivo decrement patterns of the remaining radioactivity at the implanted 
site of 125I-labeled BMP-2-incorporated gelatin hydrogels with different water contents or at the injected 
site of 125I-labeled BMP-2 solution.  Irrespective of the hydrogel type, BMP-2 was retained in the mouse 
subcutis for longer time periods than free BMP-2 injected.  The period of BMP-2 retention depended on 
the water content of hydrogels; the lower the water content of hydrogels, the longer the remaining period of 
BMP-2 radioactivity.  No significant accumulation of radioactivity was detected in any organ during the 
experiment period, irrespective of the dosage form.  Negligibly low radioactivity was detected in the 
thyroid gland for each experimental group, indicating no release of free radioactive iodine from 125I-labeled 



























Figure 1-1. In vivo time profiles of the radioactivity remaining after the subcutaneous 
implantation of gelatin hydrogels incorporating 125I-labeled BMP-2 into the back of 
mice. The hydrogel water contents are (○) 93.8, (●) 96.9 , (△) 97.8 , (▲) 99.1 , 
and (□) 99.7 wt%. The symbol (■) indicates the remaining radioactivity after 
injection of 125I-labeled BMP-2 solution. 
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To study the relationship between the in vivo BMP-2 release and the gelatin hydrogel degradation, the time 
course of radioactivity remaining after subcutaneous implantation of 125I-labeled gelatin hydrogels into the 
mouse back was determined.  The remaining radioactivity percentage after implantation of the hydrogels 
incorporating 125I-labeled BMP-2 was plotted against that of 125I-labeled gelatin hydrogels in Figure 1-2.  
All the experimental data were normalized by the percent radioactivity remaining after one-day 
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 Figure 1-2. The remaining radioactivity of the gelatin hydrogel incorporating 125I-labeled BMP-2 




Ectopic bone formation induced by gelatin and collagen hydrogels incorporating BMP-2 
Figure 1-3 shows the ALP activity of subcutaneous tissues around the implanted site of gelatin 
hydrogels incorporating BMP-2 and injected site of free BMP-2 1, 2, and 4 weeks after implantation.  It is 
apparent that the application of gelatin hydrogels incorporating 1 and 5 µg of BMP-2 enhanced the ALP 
activity of subcutaneous tissues to a significantly higher extent than that of free BMP-2.  
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The tissue activity increased with time to attain a maximum level 2 weeks after implantation and thereafter 
decreased with time, irrespective of the hydrogel water content.  No significant enhancement of ALP 
activity was observed for the gelatin hydrogel incorporating 0.5 µg of BMP-2.  For gelatin hydrogels 
incorporating 5 µg of BMP-2 2 and 4 weeks after implantation, the hydrogel with a water content of 97.8 
wt% showed the highest ALP activity, while other hydrogels with the higher or lower water content did 
lower ALP activities.  BMP-2-free, empty gelatin hydrogels with any water content did not contribute to 
any increase in the tissue ALP activity. 
Figure 1-4 shows the ALP activity of subcutaneous tissues 1, 2, and 4 weeks after implantation of 
collagen hydrogels incorporating 1 and 5 µg of BMP-2 together with the in vivo time profile of 
radioactivity remaining at the implanted site of 125I-labeled BMP-2-incorporated collagen hydrogels.  The 
tissue ALP activity was significantly lower for the collagen hydrogel incorporating BMP-2 than the gelatin 
hydrogel incorporating BMP-2 with a water content of 97.8 wt%, irrespective of the BMP-2 dose and 
implantation time.  The period of BMP-2 retention by the gelatin hydrogels was longer than that of the 
collagen hydrogel.   
Figure 1-5 shows the osteocalcin content of tissues around the implanted site of gelatin hydrogels 
incorporating BMP-2 and the injected site of free BMP-2 1, 2, and 4 weeks after implantation.  The 
BMP-2-incorporated gelatin hydrogel with a water content of 97.8 wt% exhibited the highest osteocalcin 
content 2 and 4 weeks after the implantation.  The osteocalcin content of tissue increased with 
implantation time although the dependence of hydrogel type on the osteocalcin level did not change.  The 
BMP-2 free, empty hydrogels, BMP-2-free solution, and the solution containing 5 µg of BMP-2 were 
ineffective in increasing the osteocalcin content. 
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Figure 1-4. Comparison of BMP-2 retention profile and ALP activity between the gelatin and collagen 
hydrogels incorporating BMP-2. (A) in vivo decrement patterns of the remaining 
radioactivity at the implanted site of 125I-labeled BMP-2-incorporated collagen hydrogel 
(○) and gelatin hydrogel with a water content of 97.8 wt% (●) and (B) the ALP activity 
of tissues 1, 2, and 4 weeks after implantation of collagen (  ,  ) and gelatin hydrogel 
 ) incorporating 1 (  and 5 µg of BMP-2 *p < 0.05; significant against 
the ALP activity of mice applied with collagen hydrogels incorporating BMP-2 at the 
corresponding BMP dose. 
(  , ,  ) (  ,  ). 
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Figure 1-5. Osteocalcin contents of tissues around the implanted site of gelatin hydrogels 
incorporating BMP-2 (5 μg/site) and BMP-2-free, empty gelatin hydrogels 1, 2, and 4 
weeks later. The hydrogel water contents are (□) 93.8, (  ) 96.9, (  ) 97.8, (  ) 99.1, 
and (■) 99.7 wt%. The symbol (  ) indicates the osteocalcin content after subcutaneous 
injection of BMP-2-free PBS and BMP-2 solution (5 μg /100 μl/site). *p < 0.05; 
significant against the osteocalcin content of mice applied with hydrogels incorporating 
BMP-2 (93.8 wt%). †p < 0.05; significant against the osteocalcin content of mice applied 
with hydrogels incorporating BMP-2 (96.9 wt%). ¶p < 0.05; significant against the 
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Figure 1-6 shows the ALP and von Kossa-stained histology of subcutaneous tissues 2 and 4 weeks 
after the implantation of BMP-2-incorporated and empty gelatin hydrogels with a water content of 97.8 
wt%.  Apparently, ALP and calcium positive areas were seen around the BMP-2-incorporated gelatin 
hydrogel, in marked contrast to the empty gelatin hydrogel and well corresponded with the area of bone 


























Figure 1- 6. ALP histochemistry (A, B) and von Kossa staining (C, D) of subcutaneous tissue around 
the implanted site of BMP-2 (5 μg)-incorporated (A, C) and BMP-2-free, empty gelatin 
hydrogels (B, D) with the water content of 97.8 wt% 2 and 4 weeks after implantation. 
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DISCUSSION 
 
The main objective of this chapter was to develop an in vivo release system of BMP-2 by 
biodegradable gelatin hydrogels which is expected to enhance the BMP-2 potential to induce bone 
formation.  Gelatin hydrogels were effective in releasing BMP-2 in vivo and the in vivo release profile 
could be changed by altering the water content of BMP-2-incorporated hydrogels.  This release system 
allowed BMP-2 to effectively induce the bone formation activity at the ectopic body site.  As shown in 
Table 1-1, the water content of gelatin hydrogels can be easily modified by changing the concentration of 
gelatin and glutaraldehyde used for crosslinking reaction.  The in vivo controlled release of BMP-2 was 
successfully achieved by changing the water content of hydrogels.  The release period of BMP-2 became 
longer with a decrease in the water content of hydrogels.  We have demonstrated that the in vivo 
biodegradability of gelatin hydrogels mainly depended on their water content [18].  Although the 
permeation rate was influenced by the water content of hydrogels, the interaction between the protein and 
gelatin molecules played a key role in determining the diffusion rate of protein through gelatin hydrogels. 
We have also demonstrated that bFGF molecules of positive charge were ionically immobilized in the 
hydrogels of gelatin with the opposite electric charge [25].  The immobilized bFGF was released from the 
hydrogel as a result of water solubilization of gelatin accompanied with in vivo hydrogel degradation, not 
by simple diffusion mechanism.  When incorporated into the hydrogel prepared from gelatin of positive 
charge, the bFGF was rapidly diffused out from the hydrogel in the body, because of no ionic interaction 
between bFGF and gelatin molecules.  When the time profile of in vivo hydrogel degradation was 
investigated and compared with that of BMP-2 retention, the two profiles were in good accordance to each 
other (Figure 1-2).  This indicates that the BMP-2 release was governed by the biodegradation of carrier 
hydrogel.  We do not think the controlled release of BMP-2 results from the simple diffusion throughout 
the hydrogel.  As a result, in this hydrogel system, the BMP-2 release profile can be mainly controlled by 
regulating the degradation profile of hydrogels. 
Although we did not examine the concentration of BMP-2 released at different skeletal locations 
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at present, previous researches revealed that there was no difference in the in vivo release of bFGF between 
the subcutis and muscle (unpublished data).  Similar to BMP-2, bFGF is released from the hydrogel of 
gelatin based on hydrogel biodegradation and their release rate was changeable by use of hydrogels with 
different biodegradabilities.  Taking the finding into consideration, it is possible that BMP-2 is released 
from the gelatin hydrogel at a similar release rate independent of skeletal locations. 
In this study, the reason to select the ALP activity and content of a bone-specific extracellular 
matrix component, osteocalcin as the bone induction markers is that the significant increase of ALP activity 
followed by that of osteocalcin reflects well the biochemical step for bone formation.  Yoshikawa et al. 
reported that the ALP activity in a hydroxyapatite disk seeded with fresh bone marrow cells began to 
increase 2 weeks after implantation and subsequently the osteocalcin began to appear 1 week later [26].  
The similar time dependent of osteoinduction was observed for the gelatin hydrogels incorporating BMP-2 
(Figures 1-3 and 1-5).  This suggests that the BMP-2 released from the BMP-2-incorporated hydrogels 
stimulated the cells surrounding the hydrogels to differentiate into osteoblastic cells in the body, resulting in 
enhanced bone formation at the ectopic site. 
As Wozney et al. reported, a carrier incorporating BMP allows osteoblast cells to induce the 
differentiation for bone formation at the ectopically implanted site.  The BMP implanted activates a set 
of cellular events, including chemotaxis of uncommitted mesenchymal cells and possibly other target cells 
into the implanted site, and differentiation of these cells into mineral-depositing osteoblasts [27].  In 
addition, Thies et al. have reported that BMP-2 induced a high level of osteocalcin in bone marrow 
stromal cells in a dose-dependent manner [28].  Therefore, it is reasonable to think that a carrier allows 
BMP-2 to immobilize at the site of implantation or achieve the slow release, resulting in biological 
stimulation of cells surrounding the carrier to induce bone formation.  However, when a sufficient 
amount of BMP is applied in the solution form, bone formation can be observed in the absence of the 
delivery system [29].  These phenomena suggest that a certain release period and dose of BMP-2 are 
possibly necessary for local enhancement of the bone induction activity.  In this study, the maximum 
ectopic bone formation by the gelatin hydrogel incorporating BMP-2 with a water content of 97.8 wt%  
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can be explained in terms of BMP-2 release.  As shown in Table 1-3, the in vivo half-life period of 
BMP-2 in both the initial and secondary phases depended on the biodegradability of hydrogels studied.  
A similar rate of BMP-2 loss at the first phase was observed for the hydrogels with water contents of 97.8 
and 99.1 wt%.  However, the secondary loss kinetics showed that BMP-2 was lost more rapidly from the 
latter hydrogel than the former hydrogel.  Taken together, it is possible that the hydrogel enabling a 
prolonged retention of BMP-2 increases the time period acting on the surrounding cells, leading to the 
enhanced bone induction.  On the contrary, the hydrogels with water contents of 93.8 and 96.9 wt%, 
although they have longer half-lives, showed lower bone induction.  This is probably due to the low 
level of the BMP-2 release.  The concentration and exposure times of BMP-2 may play an important role 
in inducing the bone formation, but the optimal condition is not clear at present.  It is possible that the 
hydrogel with a water content of 97.8 wt% enables BMP-2 to create the in vivo environment suitable to 
induce bone formation most effectively.  To clarify the optimal condition, the cellular and biochemical 
studies are required to evaluate the effect of BMP-2 release kinetics on the proliferation and 
differentiation of osteoprogenitor cells in the body. 
In clinical application, an absorbable collagen sponge, reconstituted from bovine tendon, and a 
collagen-based matrix, derived from demineralized bone matrix, have been used for the delivery of BMP-2 
and BMP-7, respectively.  A series of preclinical studies suggest that the carriers pharmacologically made 
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both the proteins stimulate local bone induction [6-12].  Since collagen is one of the materials having used 
for the carrier of BMP release, the collagen sponge was selected.  This study also indicated that the 
collagen hydrogel showed the enhanced ALP activity of subcutaneous tissue around the implanted site, 
while it could achieve the in vivo BMP-2 release for 2 weeks (Figure 1-4).  However, upon comparing the 
level of ALP activity, the gelatin hydrogel with a profile of BMP-2 release for 4 weeks was superior to the 
collagen hydrogel.  Although there are several reasons to be considered for the enhanced ALP activity, the 
time period of BMP-2 release may be one of contributing keys to the gelatin superiority.  It is also 
important to examine the influence of collagen biodegradability and gel formation on the in vivo release of 
BMP.  However, in this study, the collagen sponge is a control matrix for BMP-2 release.  Therefore, we 
selected a collagen sponge commercially available which has been mainly used as the release carrier of 
BMP-2.  We can control the biodegradability of collagen sponges by changing the concentration of 
collagen and crosslinking agents [30].  This phenomenon may be also influenced by the nature of release 
carriers.  Friess et al. have reported that the crosslinking of collagen sponges with formaldehyde reduced 
the binding of BMP-2 to the sponge, while the resistance of sponges to collagenase digestion correlated 
with their crosslinking extent [8-10]. 
The bone formation ectopically induced by the controlled release of BMP-2 from the gelatin 
hydrogel was found around the implanted hydrogels (Figure 1-6).  The previous study reveals that it is 
difficult for cells to infiltrate into the interior of gelatin hydrogels [31].  Thus, it is likely that the 
osteoprogenitor cells recruited around the hydrogel are stimulated by BMP-2 released from the hydrogel 
efficiently enough to differentiate into bone-forming cells like osteoblasts, which consequently induces the 
bone formation thereat. 
The mechanical properties of biomaterials for bone reconstruction are very important.  However, 
it is practically difficult to give a high mechanical strength and modulus to a biomaterial which is degraded 
to disappear for a few months.  One possible way to tackle this problem is to combine a biomaterial with 
high mechanical properties for mechanical support and a matrix of growth factor release to locally induce 
bone formation.  The gelatin hydrogel has been investigated to evaluate the feasibility as the release 
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matrix to induce the BMP-2 activity for bone formation.  When a high mechanical support is required, the 
bone plate, screw, and hydroxyapatite clinically used should be employed together with the release matrix.  
In conclusion, the in vivo profile of BMP controlled release by the gelatin hydrogel with an optimal 
degradability enables BMP-2 to efficiently induce bone formation. 
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Bone regeneration at an ulna defect of rabbits by controlled release of 




 Bone regeneration is an attractive research field of tissue engineering because of its highly 
clinical requirement.  It is widely recognized that various osteogenic growth factors, such as bone 
morphogenetic protein (BMP), transforming growth factor-β1 (TGF-β1), and basic fibroblast growth factor 
(bFGF), regulate the proliferation and differentiation of osteogenic cells and enhance bone formation [1].  
Thus, if one can accelerate bone regeneration using osteogenic growth factors in a suitable manner, this 
regeneration technology will provide a new clinical procedure to promote bone repair and be substituted for 
autogenous and allogenous bone grafts or biomaterial implants.   
 BMPs with a potential to promote bone formation in vivo have been used for regeneration 
repairing bone injuries and bone defects [2].  The current DNA technologies have enabled recombinant 
human BMPs to produce the amount large enough for the basic and applied researches.  Among them, 
BMP-2 and BMP-7 (OP-1) have already been clinically applied to accelerate bone regeneration both in 
fracture healing and spinal fusion [3].  On the other hand, several preclinical experiments have 
demonstrated that the BMP administrated in the solution form does not always induce the expected efficacy 
in bone regeneration [4].  To tackle this problem, BMP has been combined with various biodegradable 
carriers, such as collagen [5, 6], β-tricalcium phosphate [7], lactide-glycolide copolymers [8, 9], ethylene 
glycol-lactic acid copolymer [10] for the controlled release.  It is conceivable that these combinations 
were effective in enhancing the in vivo BMP retention to induce bone formation.  However, little has been 
investigated on the ability of BMP for bone regeneration from the viewpoint of the in vivo release profile.   
 We have already prepared the hydrogels from gelatin with different biodegradabilities and 
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succeeded in inducing the biological activities of bFGF [11], TGF-β1 [12], and hepatocyte growth factor 
(HGF) [13] through their controlled release with the biodegradable hydrogel, although application with the 
growth factors in the solution form was not effective.  In a previous chapter, we have also demonstrated 
that the in vivo profile of BMP-2 release could be changed only by altering the biodegradability of gelatin 
hydrogels and affected the enhancement of BMP-2-induced ectopic bone formation at the subcutis of mice 
[14].  However, when the gelatin hydrogels incorporating BMP-2 are applied to the critical-sized defect 
which will never be regenerated spontaneously, it is unclear whether new bone tissue is regenerated.   
 The objective of this chapter is to explore feasibility of the gelatin hydrogel as a controlled 
release carrier of BMP-2 in enhancement of bone regeneration at a segmental bone defect.  Hydrogels 
with different biodegradabilities were prepared by changing the concentration of gelatin and glutaraldehyde 
in preparation.  We examine the effect of the biodegradability of hydrogels on the promotion of bone 






A gelatin sample with an isoelectric point (IEP) of 9.0 and human recombinant bone 
morphogenetic protein-2 were kindly supplied from Nitta Gelatin Co. Osaka, Japan and Yamanouchi 
Pharmaceutical Co., Japan, respectively.  Glutaraldehyde, glycine, and other chemicals were purchased 
from Wako Pure Chemical Industries Osaka, Japan and used without further purification. 
 
Preparation of gelatin hydrogels incorporating BMP-2 
 Hydrogels were prepared through the chemical crosslinking of aqueous gelatin solution with 
glutaraldehyde according to the method described previously [14].  Briefly, an aqueous gelatin solution 
mixed with glutaraldehyde was cast into a polypropylene dish (138×138 mm2, BIO-BIK) at various 
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concentrations of glutaraldehyde and gelatin (Table 2-1), followed by the crosslinking reaction at 4 °C for 
12 hr.  The crosslinked hydrogel prepared was cut into rod shape (20×5×5 mm3).  The hydrogel samples 
were stirred in 100 mM aqueous glycine solution at 37 °C for 1 hr to block the residual aldehyde groups of 
glutaraldehyde.  Following washing three times with double-distilled water (DDW), the hydrogel samples 
were freeze-dried and sterilized with ethylene oxide gas.  The hydrogel weight was measured before and 
after complete drying at 70 oC under vacuum and the water content, the weight percentage of water in the 
wet hydrogel, was calculated from the two weight values [14]. 
To prepare the gelatin hydrogel incorporating BMP-2, 100 μl of phosphate-buffered saline 
solution (PBS, pH 7.5) containing 17 μg of BMP-2 was dropped onto a freeze-dried gelatin hydrogel, 
followed by leaving overnight at 4 °C.  Similarly, 100 μl of BMP-2-free PBS was dropped onto a 
freeze-dried hydrogel to obtain the BMP-2-free, empty hydrogel.   
 






Water content (wt%)  
 
93.8 0.83 5 
 
97.8 0.16 3 
 
0.06 3 99.7 
 
 
Surgical procedure to prepare a segmental ulna defect of rabbits 
 In vivo bone regeneration experiment was performed by use of a segmental ulna bone defect 
model of skeletally mature New Zealand white rabbits (20-week age, male, 3.5 Kg, Shimizu Laboratory 
Supply Inc., Japan) according to the surgical procedure previously reported [6, 8, 9].  A 4 cm-length 
superomedial incision was made and the tissue overlying the diaphysis of the ulna was dissected.  A 
segmental defect (20 mm) was prepared in the ulna of 24 rabbits with a surgical oscillating saw 
supplemented by copious sterile saline water irrigation.  Our previous study demonstrated that the BMP-2 
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dose per volume (34 μg of BMP-2/cm3 of hydrogel) was sufficient to induce bone formation at ectopic sites 
of mice [14].  Based on the volume of hydrogel implanted and the BMP-2 dose per volume, the amount of 
BMP-2 incorporated was calculated.  The gelatin hydrogels incorporating 17 μg of BMP-2, empty gelatin 
hydrogels, and 100 μl of free BMP-2 solution (170 μg/ml) were placed in the defect as shown in Figure 2-1, 
while the empty defect was left without free BMP-2.  Each experimental group was composed of 3 rabbits. 
Fixation of the ostectomized bone was unnecessary due to the fibro-osseous union between the ulna and 
radius located distal and proximal to the surgical site.  The soft tissue was approximated with interrupted 
4-0 Vicryl® (Ethicon Inc., Somerville, NJ) and the skin was closed with 3-0 silk sutures. After different 
time intervals, the radius-ulna complex containing the defect was taken out, fixed in 10 wt% neutral 





Gelatin hydrogelRegion of interest (ROI)for the measurement of
bone mineral density
10 mm 10 mm
 
Figure 2-1. Schematic illustration of the gelatin hydrogel implantation into an ulna defect of 
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Assessment of bone regeneration 
Bone regeneration at the bone defect was assessed by soft X-ray observation and dual energy 
X-ray absorptometry (DEXA) 2, 4, and 6 weeks after surgery.  Histological examinations were carried out 
6 weeks after application of the BMP-2-incoporated gelatin hydrogel with a water content of 97.8 wt%.  
Bone regeneration was radiographically examined by soft X-ray (Hitex-100, Hitachi, Japan) at 54 KVP and 
2.5 mA for 20 sec.  The bone mineral density (BMD) of each bone defect was measured at the 5×5 mm2 
region of interest (Figure 2-1) by using the DEXA with a bone mineral analyzer (DSC 600EX-III, Aloka 
Co., Ltd., Japan).  This instrument was calibrated with a phantom of known mineral content according to 
the manufacture’s instruction. Each scan was performed at a speed of 20 mm/sec and the scanning length 
was 1 mm.   
 Bone specimens were placed into 10 % neutral phosphate-buffered formalin solution, decalcified 
with 10 % formic acid, and processed for the paraffin embedding.  Sections with a thickness of 3 μm were 
prepared and stained with hematoxylin and eosin (HE) to view by a light microscopy (AX-80T, Olympus, 
Tokyo, Japan).   
 
Statistical Analysis 
 All the data were statically analyzed using Fisher’s least significant difference test for multiple 
comparisons and statistical significance was accepted to be less than 0.05.  The experimental results were 





Soft X-ray examination at a segmental ulna defect of rabbits 
 Figure 2-2 shows soft X-ray photographs of ulna defects 6 weeks after application with gelatin 
hydrogels incorporating BMP-2.  It is apparent that bone regeneration was detected radiographically in the 
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ulna bone defect (Figures 2-2A and 2-2E).  On the other hand, no bone formation was radiographically 
observed at the bone defects applied with empty gelatin hydrogels (Figures 2-2B and 2-2F) and free BMP-2 
(Figures 2-2C and 2-2G), and the appearance was similar to that of empty defect without free BMP-2 






















Figure 2-2. Radiographic appearance of ulna defects 6 weeks after application with a gelatin hydrogel 
incorporating BMP-2 (A and E), an empty gelatin hydrogel (B and F), and free BMP-2 (C 
and G) or an empty defect without free BMP-2 (D and H) at magnification ×1 (A-D) and 2 
(E-H).  The water content of hydrogels used was 97.8 wt% and the BMP-2 dose was 17 
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Histological evaluation of BMP-2-induced bone regeneration 
Figure 2-3 shows histological sections of ulna defects 6 weeks after application with the gelatin 
hydrogel incorporating BMP-2.  When applied with the gelatin hydrogel incorporating BMP-2, the bone 
defect was histologically occupied by bone tissue newly regenerated (Figure 2-3A).  On the contrary, no 
bone regeneration was detected at the defect applied with the empty gelatin hydrogel (Figure 2-3B) or free 
BMP-2 (Figure 2-3C) and no application (Figure 2-3D), while remarkable ingrowth of soft connective 











Figure 2-3. Histological sections of ulna defects 6 weeks after application with a gelatin hydrogel 
incorporating BMP-2 (A), an empty gelatin hydrogel (B), and free BMP-2 (C) or an empty 
defect without free BMP-2 (D).  The water content of the hydrogels used was 97.8 wt% 
and the BMP-2 dose was 17 μg/site.  Arrows indicate the edge of the defect.  Every bar 
corresponds to 2 mm.   
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Evaluation of mineral deposition at a segmental defect of rabbits 
Figure 2-4 shows the time profiles of BMD values at the ulna defect of rabbits after application 
with the gelatin hydrogel incorporating BMP-2.  The BMD value at the bone defect applied with the 
gelatin hydrogel incorporating BMP-2 was significantly higher than that of the empty gelatin hydrogel, free 
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Time after implantation (week)  
 Figure 2-4. The time course of BMD at the ulna defect of rabbits after application with gelatin 
hydrogels incorporating BMP-2 (○), empty gelatin hydrogel (●), and free BMP-2 (△) or  
empty defect without free BMP-2 (▲).  The water content of the hydrogels used was 
97.8 wt% and the BMP-2 dose was 17 μg/site.  *p < 0.05; significance against the BMD 




Effect of the water content of gelatin hydrogels incorporating BMP-2 on bone regeneration 
 Figure 2-5 shows soft X-ray photographs of bone defects 6 weeks after application with gelatin 
hydrogels incorporating BMP-2.  Irrespective of the hydrogel type, bone regeneration at the defect was 
radiographically detected although the extent of radiopaque area for the hydrogel with a water content of 
97.8 wt% (Figures 2-5B and 2-5F) was larger than that with the higher (Figures 2-5C and 2-5G) and lower 
(Figures 2-5A and 2-5E) water contents.  On the other hand, no bone formation was radiographically 
observed at the bone defect applied with free BMP-2 (Figures 2-5D and 2-5H).   
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Figure 2-5. Radiographic appearance of ulna defects 6 weeks after application with gelatin hydrogels 
incorporating BMP-2 (A-C, E-G), and free BMP-2 (D and H) at magnification ×1 (A-D) 
and 2 (E-H).  The water content of hydrogels used was 93.8 (A and E), 97.8 (B and F), 





 Figure 2-6 shows the BMD values at ulna defects 6 weeks after application with gelatin 
hydrogels incorporating BMP-2.  It is clear that the gelatin hydrogel with a water content of 97.8 wt% (B) 
enhanced the BMD value at ulna defect to a significantly higher extent than both the hydrogels with water 
contents of 93.8 (A) and 99.7 wt% (C).  Free BMP-2 did not enhance the BMD value at the bone defect.   
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Experimental group  
 Figure 2-6. Influence of the water content of gelatin hydrogels on the BMD at the ulna defect of 
rabbits 6 weeks after application with gelatin hydrogels incorporating BMP-2 (A-C) and 
free BMP-2 (D).  The water content of hydrogels used was 93.8 (A), 97.8 (B), and 99.7 
wt% (C), respectively.  The BMP-2 dose was 17 μg/site.  *p < 0.05; significance against 







 This chapter demonstrates that the bone regeneration at the segmental bone defect of rabbit ulna 
induced by gelatin hydrogels incorporating BMP-2 was greatly influenced by the water content of 
hydrogels.  The water content of hydrogels could be easily changed only by altering the concentration of 
gelatin and glutaraldehyde in crosslinking reaction (Table 2-1).  Chapter 1 has demonstrated that gelatin 
hydrogels enabled BMP-2 to release at the implanted site for extended time periods and the in vivo release 
profile of BMP-2 was controllable by the water content of hydrogels [14].  The release period of BMP-2 
became longer with a decrease in the water content of hydrogel carriers.  When the in vivo time profile of 
hydrogel degradation was compared with that of BMP-2 retention, a good correlation between the two 
profiles was observed [14].  These findings suggest that the BMP-2 release is governed by the degradation 
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of the hydrogel carriers.  Furthermore, our previous research revealed that significantly higher ectopic 
bone formation was induced by the BMP-2-incorporated gelatin hydrogel with a water content of 97.8 wt% 
than that with the lower or higher water contents.  This phenomenon suggests that a certain release period 
of BMP-2 is possibly necessary for local enhancement of the bone induction activity.   
 In this chapter, we selected a rabbit model of 20-mm long ulna bone defects as a stable 
critical-sized defect according to the method of Hollinger et al. [6, 8, 9].  The 20-mm length ulna bone 
resection did not impair function for the experimental animal.  Hollinger et al. reported that no bone 
formation was found both for the empty defect without free BMP-2 and the absorbable collagen carrier 
(Helistat®) without BMP-2 incorporation at the critical-sized (20-mm length) defect of rabbit ulna bone.  
Similarly to the Hollingers’ study, no bone regeneration was detected for the empty defect without free 
BMP-2 (Figures 2-2H and 2-3D) from the viewpoint of the radiographic and histological observations.  
Free BMP-2 treatment did not induce bone regeneration at the defect (Figures 2-2G and 2-3C).  The 
hydrogel itself had no ability for bone regeneration because the BMP-2 free, empty gelatin hydrogel 
showed similar appearance to that of empty defect without free BMP-2 (Figures 2-2F and 2-3B).  These 
appearances strongly indicate that the size of the defect used to assess bone regeneration should be large 
enough to avoid spontaneous healing.  The application of materials without any osteoinduction activity 
into the critical-sized defect results in the formation of fibrous connective tissue rather than bone (Figures 
2-3B, 2-3C, and 2-3D). 
 The osteoinduction activity of BMP-2 released from gelatin hydrogels incorporating BMP-2 was 
evaluated in terms of bone regeneration at the ulna bone defect.  The time course of BMD values at the 
critical-sized defect clearly shows that 4 and 6 weeks after application of gelatin hydrogels incorporating 
BMP-2 the BMD value was significantly higher than that of the empty gelatin hydrogel, free BMP-2, and 
no application.  No enhancement of the BMD value was found for other experimental groups (Figure 2-4).  
Furthermore, Hollinger et al. reported that the collagen sponges incorporating BMP-2 promoted a 
significant increase in the percent of radiopacity from 2 to 4 weeks, but thereafter no difference with time 
was observed [6].  Indeed, their histological examinations revealed that numerous bony trabeculae were 
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observed at 4 weeks and the trabeculae were consolidating and cortices were reforming by 8 weeks after 
implantation.  However, it is impossible to directly compare the present data with the Hollingers’ ones 
because their dose of BMP-2 used is 35 μg which is larger than that used in our study.  As shown in 
Figure 2-3A, cortices were observed 6 weeks after the application of the gelatin hydrogel incorporating 
BMP-2 even at the lower BMP-2 dose (17 μg) used.  Taken together, it is apparent that the period to 
evaluate the osteoinduction activity should be long enough to fill the critical-sized defect with bone newly 
regenerated.   
 The activity of gelatin hydrogels incorporating BMP-2 to induce bone regeneration greatly 
depended on their water content as shown in Figures 2-5 and 2-6.  It is likely that the fast-degraded 
hydrogel neither contributed to prolonged retention of BMP-2 nor to protect the defect from the ingrowth 
of fibrous tissue.  When the rate of hydrogel degradation is too slow compared with that of bone 
regeneration at the ulna defect, the hydrogel remaining in the defect may physically impair bone 
regeneration, even though long-termed release of BMP-2 is achievable.  Similar to this appearance, we 
have demonstrated that gelatin hydrogels with a slow degradability physically impaired bone regeneration 
induced by gelatin hydrogels incorporating TGF-β1 [12].  Interestingly, this dependency of the 
osteoinduction activity for gelatin hydrogels incorporating BMP-2 is highly correlated to that observed in 
our previous ectopic bone induction experiments, which revealed that the osteoinduction activity of the 
hydrogel with a water content of 97.8 wt% was significantly higher than that with the higher and lower 
water contents [14].  These findings indicate that a balance in the time profile between the BMP-2 
retention and the bone formation is essential for the bone regeneration induced by gelatin hydrogels 
incorporating BMP-2. 
 Various doses of BMPs and delivery systems, such as collagen, bioceramics, lactide-glycolide 
copolymers, ethylene glycol-lactic acid copolymer, were employed to induce bone regeneration at a bone 
defect [4, 15].  Among them, a commercially available collagen sponge has been investigated as a 
promising carrier to reduce the BMP-2 dose, utilizing for delivering BMP-2 in the clinical application [3, 5].  
Indeed our previous study also indicated that the collagen sponge incorporating BMP-2 showed the 
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enhanced osteoinduction activity at the subcutaneous tissue around the implanted site, while it could 
achieve the in vivo BMP-2 release for 2 weeks.  However, upon comparing the level of osteoinduction 
activity, the gelatin hydrogel with the profile of BMP-2 release for 4 weeks was superior to the collagen 
sponge [14].  Although there are several reasons to be considered for the enhanced osteoinduction activity, 
the time period of BMP-2 release may be one of keys contributing to the gelatin superiority.  On the other 
hand, Hollinger et al. compared the property as a carrier of BMP-2 release for bone regeneration between 
the collagen sponge and the poly (D, L-lactide) sponge.  As the result, irrespective of the carrier type, the 
same dose of BMP-2 (35 μg) was required to promote nearly identical bone healing in a unilateral rabbit 
radius model [6].  Although it is impossible to directly compare the present data with the Hollingers’ ones 
because of their larger BMP-2 dose used (35 μg), our hydrogel release system enables BMP-2 to enhance 
bone regeneration even at the lower dose (17 μg).  The BMP-2 dose necessary to promote bone 
regeneration may be reduced by a good design of release profile of BMP-2.   
 Many preclinical studies reveal that BMP at physiologically high doses is required to achieve 
bone formation in non-human primates, which is different from the case of rodents [4].  One of the 
possible reasons for this species-dependent dose issue will be the immature technology to modify the in 
vivo retention of BMP.  Considering the present results, we can say with fair certainty that the gelatin 
hydrogel is a promising carrier used to deliver BMP-2 and contributes to reduce the dose of BMP-2 suitable 
for successful bone regeneration and to diminish the side effects elicited by excessive administration of 
BMP-2 in the body.   
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Bone regeneration at a skull defect in non-human primates by controlled 




 BMP has been expected as a therapeutic protein to induce regeneration repairing of bone injures 
and defects [1], since it has induced significant bone regeneration both orthotopically and ectopically in the 
body [2].  However, preclinical studies show that physiologically high doses of BMP are required to 
achieve bone formation for non-human primates, which is quite different from the case of rodents [3].  
One of the possible reasons for this species-dependent dose issue is the immature technology to administer 
BMP in vivo.  On the other hand, recombinant human BMP-2 and BMP-7 (OP-1) have already been 
applied for the regeneration therapy of human bone at the defect of size as large as impossible to naturally 
repair only by the self-healing ability [4].  However, efficient bone regeneration cannot be always 
expected due to the short half-life of BMP itself administrated in the body.  Therefore, it is necessary to 
develop an administration carrier of BMP for the localized release at the site applied over the time period 
required.  The drug delivery system (DDS), such as the controlled release technology will resolve the 
administration issue and additionally reduce the adverse effects caused by the high doses and repeated 
regimens.   
 BMP has been combined with various biodegradable carriers, such as collagen [5, 6], 
β-tricalcium phosphate [7], lactide-glycolide copolymers [8, 9] for the controlled release.  However, little 
has been extensively investigated on the ability of BMP for bone regeneration from the viewpoint of the in 
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vivo profile of BMP release.  In the previous chapters, we have designed biodegradable hydrogels of 
gelatin for the in vivo controlled release of BMP-2.  The hydrogel system enabled BMP-2 to retain at the 
implanted site for extended time periods and consequently enhance the ability of bone induction in marked 
contrast to BMP-2 in the solution form [10].  The controlled release of BMP-2 induced bone regeneration 
at the defect of rabbit ulna, whereas the BMP-2 solution was ineffective [11].   
The objective of this chapter is to evaluate feasibility of the gelatin hydrogel as a controlled 
release carrier of BMP-2 to enhance bone regeneration at a bone defect of monkey skulls.  Hydrogels with 
different biodegradabilities were prepared by changing the concentration of gelatin and glutaraldehyde in 
hydrogel preparation.  We examine the effect of the hydrogels biodegradability and the BMP dose on the 
promotion of bone regeneration comparing the regeneration effect with the insoluble bone matrix (IBM) 






A gelatin sample with an isoelectric point (IEP) of 9.0 and human recombinant bone 
morphogenetic protein-2 were kindly supplied from Nitta Gelatin Co. Osaka, Japan and Yamanouchi 
Pharmaceutical Co., Japan, respectively.  Insoluble bone matrix [12] (IBM, particle size: 320-620 μm) 
was kindly supplied from Emeritus Professor Yoshinori Kuboki, Department of Oral Health Science, 
Graduate School of Dental Medicine, Hokkaido University.  Glutaraldehyde, glycine, and other chemicals 
were purchased from Wako Pure Chemical Industries Osaka, Japan and used without further purification. 
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Preparation of gelatin hydrogels and IBM incorporating BMP-2 
Hydrogels were prepared through the chemical crosslinking of aqueous gelatin solution with 
glutaraldehyde according to the method described previously [10].  Briefly, an aqueous gelatin solution 
mixed with glutaraldehyde was cast into polypropylene dish (138×138 mm2, BIO-BIK) at various 
concentrations of glutaraldehyde and gelatin (Table 3-1), followed by the crosslinking reaction at 4 °C for 
12 hr.  The crosslinked hydrogel prepared was punched out to obtain the disks of 6 mm in diameter for the 
following in vivo experiment.  The hydrogel discs obtained were stirred in 100 mM aqueous glycine 
solution at 37 °C for 1 hr to block the residual aldehyde groups of glutaraldehyde.  Following washing 
three times with double-distilled water (DDW), the hydrogel discs were freeze-dried and sterilized with 
ethylene oxide gas.  The hydrogel weight was measured before and after complete drying at 70 °C under 
vacuum and the water content, that is the weight percentage of water in the wet hydrogel to the hydrogel, 
was calculated from the two weights. 
 





Water content (wt%)  
 
93.8 0.83 5 
 
97.8 0.16 3 
 
99.7 0.06 3 
 
 
To prepare the gelatin hydrogel incorporating BMP-2 for the in vivo experiment, 20 μl of 
phosphate-buffered saline solution (PBS, pH 7.5) containing various amounts of BMP-2 (5, 20, and 200 
μg) was dropped onto a freeze-dried gelatin hydrogel disc, followed by leaving overnight at 4 °C.  
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Similarly, 20 μl of PBS containing 5 μg of BMP-2 was dropped onto IBM, followed by leaving overnight 
at 4 °C.  As controls of these samples, BMP-2-free, empty gelatin hydrogel and IBM were obtained by 
dropping 20 μl of BMP-2-free PBS onto a freeze-dried gelatin hydrogel and IBM, respectively.   
 
Surgical procedure to prepare a skull defect of monkeys 
The skull defect model of monkeys was prepared according to the method described previously 
[14].  All the procedures were carried out under the institutional guidelines on animal experimentation.  
After the intramuscular injection of xylazine hydrochlorode (1.17 mg/kg body weight), the monkeys 
(Macaca fascicularis, male, 4 – 6 kg, 4 – 5 years) were further anesthetized by the intramuscular injection 
of ketamine hydrochloride (2.3 mg/kg body weight).  In addition, local analgesia was induced by 
subcutaneous administration of 1 % lidocaine solution into the subcutis of the right temple (10 ml/head).  
The scalp and underlying temporal muscle were cut and the temporopariental region of monkey skulls was 
exposed.  After incision of the pericranium, five defects (each 6 mm in diameter) in each monkey’s 
parietal bone were prepared using a microdrill without injuring the underlying dura mater with the aid of a 
surgical microscope, while the distance between the neighbering defects was 6 mm.  The defects were 
tried to prepare at the same anatomical site, defined by the temporal and occipital crests and the 
temporoparietal suture.  A preliminary experiment revealed that a 6 mm skull defect was not naturally 
closed even after 6 months without any applications.  In addition, it is practically difficult to prepare five 
defects with a larger diameter at the monkey parietal bone.  Taken together, the defect diameter was 
selected to be 6 mm in this study.  As shown in Table 3-2, the gelatin hydrogel discs of 6 mm in diameter 
incorporating BMP-2 (5 μg/site) with various water contents (93.8 and 99.7 wt%), the gelatin hydrogel 
incorporating BMP-2 (5, 50, 200 μg/site) with a water content of 97.8 wt%, and IBM incorporating BMP-2 
(5 μg/site) were applied to the skull bone defects prepared.  As controls, the BMP-2-free empty gelatin  
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hydrogel, 20 μl of free BMP-2 solution (200 μg/site), and PBS solution were applied to the skull bone 
defect.  After treatment, the pericranium and skin were carefully sutured with a 4-0 nylon monofilament to 
secure the stability of the samples.  For each experimental group, 3 different defects were randomly 
selected from 3 different monkeys.   
The X-ray measurement of skull bones was performed at 100 V and 10 mA for 2.75 sec. under 
anesthetized conditions 1, 2, 3, 4, 6, 8, 10, and 12 weeks after application.  At 12 weeks postoperatively, 
all the animals were killed by overdose administration of anesthetic agents.  The skull bone including the 
five defects was removed and used for all evaluations including soft X-ray, and Dual Energy X-ray 
(DEXA), and histological observations.  No extraordinary behavior or body weight loss was observed for 
all the monkeys over the time period of 12 weeks.   
 
Surgical procedure to prepare a skull defect of rabbits 
In vivo bone regeneration was also evaluated for the bone defect of rabbit skulls according to 
the surgical procedure previously reported [15].  All the procedures were carried out under the 
institutional guidelines of Kyoto University on animal experimentation.  Similarly to the monkey model, 
the head skin of rabbit (New Zealand white, male, 3.5 kg) was cut to expose the skull bone under 
anesthetization, and after pericranium incision, bilateral skull defects of 6 mm in diameter were carefully 
prepared by a microdrill with the aid of an operating microscope not so as to injure the underlying dura 
mater.  As shown in Table 3-2, the gelatin hydrogel incorporating BMP-2 (5 μg/site) was applied to the 
skull defect, while the BMP-2-free empty gelatin hydrogel and 20 μl of free BMP-2 solution (5 μg/site) 
were employed as controls.  Then, the pericranium and skin were carefully sutured with a 4-0 nylon 
monofilament.  For each experimental group, 3 different defects of 3 different rabbits were used being 
selected either the right or left defect randomly.  At 8 weeks postoperatively, the skull bone was removed 
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together with the defect and fixed with 10 vol% aqueous neutral formalin solution for histological 
observation.   
 
Assessment of bone regeneration 
Bone regeneration at the skull defect was assessed by soft X-ray, DEXA, and histological 
examinations.  The bone defect was radiographically observed by soft X-ray (Hitex-100, Hitachi, Japan) 
at 54 kVP and 2.5 mA for 20 sec.  The bone mineral density (BMD) of each bone defect was measured at 
the 5×5 mm2 region of interest by using DEXA with a bone mineral analyzer (DSC 600EX-III, Aloka Co., 
Tokyo, Japan).  This instrument was calibrated with a phantom of known mineral content according to the 
manufacture’s instruction.  Each scan was performed at a speed of 20 mm/sec and scanning length was 1 
mm.  Similarly, the BMD value of the intact bone surrounded with the defects was measured as a control.   
Bone specimens were placed into 10 % neutral phosphate-buffered formalin solution, 
decalcified with 10 % formic acid, and processed for the paraffin embedding.  The 3 sections, 3 μm thick 
from the center of bone specimens were prepared and stained with hematoxylin and eosin (HE) to view by 
light microscopy (AX-80T, Olympus, Tokyo, Japan).   
 
Statistical Analysis 
 All the data were statistically analyzed using Fisher’s least significant difference test for 
multiple comparisons and statistical significance was accepted to be less than 0.05.  The experimental 
results were expressed as the mean ± the standard deviation of the mean.   




Soft X-ray examination at a skull defect of monkeys 
Figure 3-1 shows the soft radiographs of monkey skull defects 12 weeks after application of 
different gelatin hydrogels and the IBM incorporating BMP-2.  Bone regeneration was detected for the 
gelatin hydrogel with a water content of 97.8 wt% incorporating BMP-2, regardless of BMP-2 
concentrations (Figures 3-1C, 1F, and 1G).  On the other hand, little bone formation was radiographically 
observed at the bone defect applied with PBS solution (Figure 3-1A), gelatin hydrogels with water contents 
of 93.8 and 99.7 wt% (Figures 3-1B and 1D) incorporating BMP-2, empty gelatin hydrogel (Figure 1E), 
and the IBM incorporating BMP-2 (Figure 1H). 










 Figure 3-1. Radiographic images of bone defect of monkey skulls 12 weeks after application with 
phosphate-buffered saline solution (A), gelatin hydrogels incorporating BMP-2 with 
various water contents (B-G) and insoluble bone matrix incorporating BMP-2 (H).  The 
water content of hydrogels used was 93.8 wt% (B), 97.8 wt% (C and E-G), or 99.7 wt% 
(D).  The BMP-2 doses were 0 μg/site (E), 5 μg/site (B-D and H), 50 μg/site (F), and 200 
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Figure 3-2. Histological cross-sections of bone defect of monkey skulls 12 weeks after application 
with PBS solution (A), gelatin hydrogels incorporating BMP-2 with various water 
contents (B-G) and IBM incorporating BMP-2 (H).  The water content of the hydrogels 
was 93.8 (B), 97.8 (C and E-G) or 99.7 wt% (D).  The BMP-2 doses were 0 (E), 5 (B–D, 
and H), 50 (F), and 200 μg/site (G).  B; bone, C; connective tissue, and NB; new bone.  
An astarisk indicates the gelatin hydrogel incorporating BMP-2 remaining in the defect.  
The bar length is 1 mm.   
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Histological evaluation of BMP-2-induced bone regeneration 
Figure 3-2 shows the histological sections of monkey skull defects 12 weeks after application of 
different gelatin hydrogels and the IBM incorporating BMP-2.  When the skull defect was applied with 
the empty gelatin hydrogel with a water content of 97.8 wt%, insignificant bone regeneration was observed 
and soft connective tissues were infiltrated into the defect (Figure 3-2E).  On the contrary, new bone 
regeneration was found in the skull defect applied with the BMP-2-incorporated gelatin hydrogel with a 
water content of 97.8 wt% (Figures 3-2C, 2F, and 2G), while the defect was completely closed by bone 
tissue newly formed.  BMP-2-incorporated gelatin hydrogels with water contents of 93.8 and 99.7 wt% at 
a low (5 μg/site) BMP-2 dose did not induce bone regeneration.  The gelatin hydrogel with a water 
content of 93.8 wt% did not degrade and remained at the skull defect 12 weeks after application.   
 
Evaluation of mineral deposition at ulna defects of monkey and rabbit 
 Table 3-3 summarizes the bone mineral density at the skull defect of monkeys 12 weeks after 
application of different gelatin hydrogels and the IBM incorporating BMP-2.  It is apparent that the 
BMP-2-incorporated gelatin hydrogel with a water content of 97.8 wt% enhanced the BMD of skull defect 
to a significantly higher extent than PBS application, although the BMD value was lower than that of the 
intact bone.  The BMD value depended on the types of hydrogels and was significantly higher for the 
hydrogel with a water content of 97.8 wt% than for that with 99.7 wt%.  On the other hand, no significant 
enhancement of BMD was detected for BMP-2-incorporated gelatin hydrogels with water contents of 93.8 
and 99.7 wt% and the BMP-2-incorporating IBM.  The BMP-2-free empty hydrogel did not contribute to 
any increase in the BMD of the skull defect.   
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80.1 ± 7.8 － PBS 
 
128.9 ± 14.8 
 
   
97.8 Empty gelatin hydrogel 
 
  
104.9 ± 6.3 
188.8 ± 14.6 * 
70.0 ± 22.2 
99.2 ± 4.8 
† 






－ IBM  
 The BMP-2 dose was 5 μg/site. 
The BMD of intact monkey skulls was 216.4 ± 11.4 mg/cm2. 
 
*p < 0.05, significant against the BMD value at the skull bone defect after application 
of BMP-2-free PBS.   
†p < 0.05, significant against the BMD value at the skull bone defect after application 




 Figure 3-3 shows the influence of the BMP-2-dose on the bone regeneration induced by 
BMP-2-incorporated gelatin hydrogels with a water content of 97.8 wt%.  The BMD at the skull defect 
applied with gelatin hydrogels incorporating BMP-2 became higher with the increasing BMP dose.  The 
gelatin hydrogel incorporating 200 μg of BMP-2 (water content = 97.8 wt%) enhanced the BMD to a 
significantly higher extent than the BMP-2-free gelatin hydrogel, and the BMD value was similar to that of 
the intact bone.  Free BMP-2 did not enhance the BMD value at the bone defect, and tended to be lower 
than that applied with the gelatin hydrogel incorporating 200 μg of BMP-2.   





































Figure 3-3. Effect of BMP-2 dose on the BMD at bone defect of monkey skulls 12 weeks after 
application of free BMP-2 (black bar) and gelatin hydrogels incorporating BMP-2 (gray 
bars).  The water content of hydrogel was 97.8 wt%.  *p < 0.05; significant against the 





 Table 3-4 summarizes the BMD at the skull defect of rabbits 8 weeks after application with 
different gelatin hydrogels and the IBM incorporating BMP-2.  The BMP-2 dose was 5 μg/site for a skull 
defect.  Similarly to the monkey model, the BMD value at the skull defect was significantly increased by 
application with gelatin hydrogel with a water content of 97.8 wt%.  Other applications did not contribute 
to increase the BMD.   
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45.9 ± 10.7 
65.4 ± 10.5 
38.0 ± 3.2 
 
57.4 ± 11.5 
87.3 ± 6.4 







The BMP-2 dose was 5 μg/site. 
The BMD of intact rabbit skulls was 122.9 ± 12.1 mg/cm2. 
*, p<0.05, significant against the BMD value at the skull bone defect after application 












The present study demonstrates that bone regeneration at the skull defects of non-human 
primates, monkey induced by gelatin hydrogels incorporating BMP-2 was greatly influenced by the water 
content of hydrogels and BMP-2 doses.  In general, when osteogenic BMP-2 is applied to the bone defect 
in large animal model, higher doses are normally required for the bone regeneration compared with the case 
of rodents [16, 17].  It is considered that the difference in the dose among the animal species is attributed 
to the number of responding cells, the rates of fracture-healing, and the retention time of osteogenic growth 
factors.  If carrier systems for the sustained release of osteogenic growth factors are developed, not only 
efficient bone formation but also decrease in the dose is expected.  We have explored carrier systems 
composed of gelatin hydrogels with different water contents.  The water content of hydrogels could be 
easily changed only by altering the concentration of gelatin and glutaraldehyde in crosslinking reaction 
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(Table 3-1).  It has been demonstrated that the in vivo controlled release profile of BMP-2 was 
successfully regulated by the water content of hydrogels [10].  The release period of BMP-2 became 
longer with a decrease in the water content of hydrogels.  The profile of BMP-2 release was in good 
accordance with that of hydrogel degradation, indicating that the BMP-2 release is governed by the 
degradation of the hydrogel carriers.  Furthermore, we have experimentally demonstrated that 
significantly higher bone formation was induced by the BMP-2-incorporated gelatin hydrogel with a water 
content of 97.8 wt% than that with the lower or higher water contents both in the muscle of rats and the 
ulna defect of rabbits [10, 11].  These findings indicate that the release period of BMP-2 is possibly 
essential to promote the bone induction activity.   
In this chapter, a skull defect in monkey of 6 mm in diameter was selected.  Radiographic and 
histological observations revealed no bone regeneration for the control defect applied with PBS and the 
empty gelatin hydrogel (Figures 3-1A and 1E or Figures 3-2A and 2A).  This indicates that the hydrogel 
itself had no ability for bone.  The bone regeneration at the defect applied with BMP-2 solution was also 
similar to that of defects applied with PBS and the empty gelatin hydrogel, even if the dose of BMP-2 in 
the free BMP-2 solution was 200 μg (Table 3-3 and Figure 3-3).  These results strongly indicate that the 
size of defect used to assess bone regeneration should be large enough to avoid spontaneous healing.  The 
application of materials without any osteoinduction activity into the skull bone defect results in the 
formation of fibrous connective tissue rather than bone (Figures 3-1A and 1E).   
The activity of gelatin hydrogels incorporating BMP-2 to induce bone regeneration greatly 
depended on their water content (Tables 3-3 and 3-4 or Figures 3-1 and 3-2).  It is likely that the 
fast-degraded hydrogel could neither prolong the in vivo retention of BMP-2 nor protect the defect from the 
ingrowth of fibrous tissue.  When the rate of hydrogel degradation is too slow compared with that of bone 
regeneration at the skull defect, it is likely that the hydrogel remaining in the defect physically impairs bone 
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regeneration, even though long-termed release of BMP-2 is achievable.  Our previous studies 
experimentally confirmed that gelatin hydrogels with a slow degradability physically impaired bone 
regeneration induced by gelatin hydrogels incorporating osteogenic growth factor at both the ulna and skull 
defect models of rabbits.  The osteoinduction activity of the hydrogel with a water content of 97.8 wt% 
was significantly higher than that with the higher and lower water content [10].  Interestingly, the present 
dependency of the osteoinduction activity for gelatin hydrogels incorporating BMP-2 is higher correlated to 
that observed in the previous study.  These findings indicate that a balance in the profile between the 
BMP-2 retention and the bone formation is essential for the bone regeneration induced by gelatin hydrogels 
incorporating BMP-2.   
In clinical application, a collagen sponge, reconstituted from bovine tendon, and collagen based 
matrix, derived insoluble bone matrix (IBM), have been used as the material for the sustained release of 
BMPs.  A series of preclinical studies suggest that the carriers pharmacologically allowed the proteins to 
stimulate the activity of local bone induction [18, 19].  It has been recognized that IBM is one of the 
materials which have been investigated as a promising carrier to reduce the BMP-2 dose [12, 13].  This 
study also confirmed that the IBM enhanced bone regeneration at the skull defects (Figures 3-1 and 3-2).  
However, the BMD value was significantly smaller that of the gelatin hydrogel capable for 4-week release 
of BMP-2.  Although there are several reasons to be considered for the increased BMD, the time period of 
BMP-2 release may be one of keys contributing to the gelatin superiority.  Indeed, the time period of 
BMP-2 was different between gelatin hydrogel and IBM as shown in previous study [12].  On the other 
hand, chapter 1 indicated that the collagen sponge incorporating BMP-2, having the time profile of BMP-2 
release for 2 weeks, showed the enhanced osteoinduction activity at the subcutaneous tissue around the 
implanted site, but exhibited the lower osteoinduction activity than the gelatin hydrogel [10].  Therefore, 
optimization of the release profile of BMP-2 by the scaffold design may be important to promote bone 
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regeneration and reduce the BMP-2 dose.  
Many clinical trials using BMPs incorporated scaffolds have been performed against the several 
cases, such as treatment of fractures, enhancement of spinal fusion, and reconstruction of large bone loss 
[20-25].  The osteogenetic products composed of BMP-7 (OP-1) and collagen has been commercially 
available [26].  However, for those applications, high doses of BMPs are generally required.  Indeed, the 
BMP concentration of the commercial available product was 3.5 mg/g [26], and bone regeneration in the 
clinical trials needs at least more than 1 mg/ml of BMPs [20-25].  The high doses of BMPs can promote 
the bone regeneration, but eventually cause the systemic side effects [2, 27, 28].  In this chapter, 
significantly enhanced bone regeneration at monkey skull defects was achieved even at 5 μg/site of BMP-2 
dose, as low as that in rabbits (Tables 3-3 and 3-4).  This BMP-2 dose is extremely low compared with 
that of other materials clinically studied.  It is also essential to shorten the time period required for bone 
regeneration in terms of reduction of the physical and spiritual loads of patients.  Generally, it takes for 
more than 6 months after surgery to achieve complete bone repairing clinically [29].  With the gelatin 
hydrogel incorporating BMP-2, the BMD value recovered at the same level of the intact skulls 12 weeks 
after surgery which was much shorter than that of IBM incorporating BMP-2 (Figure 3-3).  The difference 
in the time period to complete bone regeneration between the hydrogel system and the IBM of gold 
standard may be explained in terms of biological harmonization of BMP-2 release and material degradation.  
By the hydrogel system, BMP-2 of biological activity is retained at the defect for an optimal time period, 
while the release carrier of hydrogel is degraded to disappear from the defect without any physical 
impairment for the physiological process of bone regeneration.  However, such situation is not always 
expected for the IBM or other materials.  In conclusion, the controlled release technology by the gelatin 
hydrogel for an appropriate time period enabled a low dose of BMP-2 to induce osteoinduction for 
non-human primates 
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Ectopic bone formation by controlled release of BMP-2 from biodegradable 




Bone defects which are generated by tumor resection, trauma, and congenital abnormality, have 
been clinically treated by the implantation of bioceramics or autogenous and allogenous bone grafts. 
Although autografting is a popular procedure for reconstructive surgery, it has several disadvantages, such 
as the shortage of donor supply, the persistence of pain, the nerve damage, fracture, and cosmetic disability 
at the donor site.  On the other hand, there are no donor site problems for allografting, while allografting 
has some clinical risks including disease transmission and immunological reaction [1].  As one trial to 
overcome the problems, bone tissue engineering has been attracted much attention as a new therapeutic 
technology which induces bone regeneration by making use of osteoinductive growth factors, osteogenic 
cells, and scaffolds or their combination [2].  It is no doubt that a combination of osteoinductive growth 
factors and scaffolds provides an appropriate osteoinductive environment for osteogenic cells. 
Osteoinductive growth factors, such as bone morphogenetic protein (BMP), transforming growth 
factor-ß  (TGF-ß), and basic fibroblast growth factor (bFGF), have been investigated to induce bone 
regeneration in the body [3].  Among them, BMP-2 and BMP-7 (OP-1) have already been applied 
clinically for bone regeneration at the bone defect, because of their high osteoinduction activity [4, 5].  
However, the BMP administrated in the solution form does not always expect the in vivo satisfied efficacy 
in bone regeneration.  Therefore, it is necessary to develop a carrier for the controlled release of 
biologically active BMPs over an extended time period. 
Gelatin is a denatured collagen and commercially available as a biodegradable polymer.  It has 
been extensively utilized for pharmaceutical and medical purposes, and its biosafety has been proven 
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through the long clinical applications [6].  Other advantages of gelatin are the easiness of chemical 
modification and the commercial availability of samples with different physicochemical properties.  We 
have prepared a biodegradable hydrogel of gelatin for the controlled release of BMP to succeed in inducing 
bone regeneration [7].  On the other hand, it has been experimentally demonstrated from some researches 
that the attachment and proliferation of cells on substrates are promoted by the surface coating of gelatin 
[8-10].  These findings suggest that gelatin is one of the materials compatible to cells.   
Since it is preferable that the scaffolds for bone regeneration basically function as the substrate 
for the attachment and proliferation of osteogenic cells, 3 dimensional biodegradable materials with a 
porous structure, such as glycolide-lactide copolymer non-woven fabrics, collagen sponges, and calcium 
phosphate ceramics, have been used [11, 12].  Among them, hydroxyapatite (HAp) and ß-tricalcium 
phosphate (ß-TCP) of bioactive ceramics have been extensively investigated as the cell scaffold for bone 
tissue engineering [11-22] because it is well recognized that they are compatible to natural bone tissue.  
However, since HAp is not practically degraded under the physical condition, it remains inside the bone 
tissue regenerated.  Therefore, as one trial to improve the in vivo poor degradability, HAp has been 
attempted to mix with organic materials of collagen and glycolide-lactide copolymer.  The combination 
was effective in manipulating the degradation and mechanical properties for the HAp scaffolds [23-28].  
ß-TCP is advantageous from the viewpoint of material biodegradability, though brittle compared with HAp.  
On the other hand, some research groups have investigated the osteoinduction of BMP-incorporating 
composites for different animal models.  However, little has been demonstrated on the effect of the 
bioceramic content on the osteoinduction activity [29-35].   
 Naturally-occurring bone matrix provides an environment favorable for the in vivo osteoinduction 
in terms of the bone cell scaffold and growth factor delivery vehicle.  In this chapter, as a mimic of the 
natural bone matrix, we have designed a biodegradable cell scaffold of organic-inorganic composite 
combined with the controlled release nature of BMP.  Biodegradable gelatin sponges at different contents 
of ß-TCP were fabricated.  Following incorporation of BMP-2 into the gelatin-ß-TCP scaffolds, their in 
vivo BMP-2 release from the scaffolds was investigated.  To obtain fundamental information on in vivo 
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osteoinductivity of gelatin-ß-TCP scaffolds incorporating BMP-2, the in vivo osteoinduction activity of 
gelatin-ß-TCP scaffolds incorporating BMP-2 was assessed at the back subcutis of rats in terms of the 





A gelatin sample with an isoelectric point (IEP) of 9.0 was prepared through an acidic process of 
porcine skin collagen type I (Nitta Gelatin Co., Osaka, Japan).  ß-TCP granules (2 μm in average 
diameter) were obtained from Taihei Chemical Industries, Nara, Japan.  Na125I (740 MBq/ml in 0.1 N 
NaOH aqueous solution) was purchased from NEN Research Products, Du Pont, Wilmington, USA.  
Collagenase was purchased from Sigma Chemical Co., St. Louis, MO, USA.  Other chemicals were 
obtained from Wako Pure Chemical Industries, Osaka, Japan and used without further purification.   
 
Preparation of gelatin scaffolds with or without ß-TCP 
 Gelatin scaffolds incorporating ß-TCP (gelatin-ß-TCP scaffolds) were prepared by chemical 
crosslinking of gelatin with glutaraldehyde in the presence of ß-TCP granules at different amounts (Table 
4-1).  Briefly, 4.29 wt% aqueous solution of gelatin at different contents of ß-TCP (70 ml) was mixed at 
5,000 rpm at 37 °C for 3 min by using a homogenizer (ED-12, Nihonseiki Co., Tokyo, Japan).  After 
addition of 2.17 wt% of glutaraldehyde aqueous solution (30 ml), the mixed solution was further mixed for 
15 sec by the homogenizer.  The resulting solution was cast into a polypropylene dish of 138×138 cm2 and 
5 mm depth, followed by leaving at 4 °C for 12 hr for gelatin crosslinking.  Then, the crosslinked gelatin 
hydrogels with or without ß-TCP were placed into 100 mM of aqueous glycine solution at 37 °C for 1 hr to 
block the residual aldehyde groups of glutaraldehyde.  Following complete washing with double distilled 
water (DDW), the hydrogels were freeze-dried and cut into cubes of 5×5×5 mm3.   
The resulting scaffolds were sputter-coated with gold/palladium and viewed both on a scanning 
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electron microscope (SEM, S-2380N, Hitachi, Japan) and a field emission scanning electron microscope 
with energy dispersive X-ray (EDX) microanalyzer (JSM 6500F, JEOL, Japan).  The average pore size 
and porosity of scaffolds were measured by the methods reported previously (Table 4-1) [36, 37].   
 
Table 4-1.  Characterization of gelatin scaffolds incorporating various amounts 







 Pore size (µm) Porosity (%) 
 
96.6 0.27 ± 0.01 184.9 ± 58.2  0 
 
96.2 0.52 ± 0.14 198.2 ± 52.3 25 
 
95.9 1.13 ± 0.13 179.1 ± 27.8 50 
 
95.4 2.60 ± 0.32 185.5 ± 62.4 75 
 
95.1 4.97 ± 0.73 178.2 ± 50.0 90 
 
 
In vitro compression resistance of gelatin and gelatin-ß-TCP scaffolds 
The in vitro compression resistance of gelatin and gelatin-ß-TCP scaffolds in the freeze-dried 
state was evaluated by measuring their compression moduli at a rate of 1 mm/min (AG-5000B, Shimadzu, 
Kyoto, Japan).  The load-deformation curve was obtained and the compression modulus of scaffolds was 
calculated from the initial slope of load-deformation curve.  Measurement was done five times for each 
sample to calculate the average value ± the standard deviation of the mean.   
 
Radioiodination of BMP-2 
 Human recombinant BMP-2 (Yamanouchi Pharmaceutical Co., Japan) was radioiodinated 
according to the method of Greenwood et al. [38].  Briefly, 4 µl of Na125I solution was added to 40 µl of 1 
mg/ml BMP-2 solution containing 5 mM glutamic acid, 2.5 wt% glycine, 0.5 wt% sucrose, and 0.01 wt% 
Tween 80 (pH 4.5).  Then, 0.2 mg/ml of chloramine-T potassium phosphate-buffered solution (0.5 M, pH 
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7.5) containing 0.5 M sodium chloride (100 µl) was added to the solution mixture.  After agitation at room 
temperature for 2 min, 100 µl of phosphate-buffered saline solution (PBS, pH 7.5) containing 0.4 mg of 
sodium metabisulfate was added to the reaction solution to stop the radioiodination.  The reaction mixture 
was passed through an anionic-exchange column to remove the uncoupled, free 125I molecules from the 
125I-labeled BMP-2.   
 
Preparation of gelatin and gelatin-ß-TCP scaffolds incorporating BMP-2 
To prepare gelatin and gelatin-ß-TCP scaffolds incorporating BMP-2, 20 µl of aqueous solution 
containing BMP-2 (0.25 µg/µl) or 125I-labeled BMP-2 (0.03 µg/µl) was dropped onto the freeze-dried 
scaffold, followed by leaving it at 4 °C overnight.  The resulting scaffold was used as the gelatin and 
gelatin-ß-TCP scaffolds incorporating BMP-2 without washing.  Similarly, 20 µl of BMP-2-free PBS was 
impregnated into gelatin and gelatin-ß-TCP scaffolds to obtain respective BMP-2-free, empty scaffolds.   
 
In vivo evaluation of BMP-2 release from gelatin and gelatin-ß-TCP scaffolds 
 Gelatin and gelatin-ß-TCP scaffolds incorporating 125I-labeled BMP-2 were implanted into the 
back subcutis of 6 week-age female ddY mice (Shimizu Laboratory Supply Inc., Japan) at the central 
position 15 mm away from their tail root.  At different time intervals, the mouse skin including the 
implanted site of sponge (3×5 cm2) was excised and the corresponding facia was thoroughly wiped off with 
a filter paper to absorb 125I-labeled BMP-2.  The radioactivity of the gelatin scaffold remained, the skin 
strip excised, and the filter paper was measured on a gamma counter (ARC-301B, Aloka Co., Ltd., Japan) 
to assess the time profile of in vivo BMP-2 retention.  The radioactivity was divided by the original 
radioactivity of gelatin and gelatin-ß-TCP scaffolds incorporating 125I-labeled BMP-2 to calculate the 
percent remaining of BMP-2.  All the radioactivities were compensated for the natural decay of 125I. 
Experimental group was composed of 3 mice unless otherwise mentioned.   
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Histological evaluation of bone tissue ectopically induced by gelatin and gelatin-ß-TCP scaffolds 
incorporating BMP-2 
 Gelatin and gelatin-ß-TCP scaffolds incorporating 5.0 µg of BMP-2 were implanted into the back 
subcutis of Fisher 344 rats (Shimizu Laboratory Supply Inc., Japan).  The BMP-2-free, empty scaffold 
was used as a control.  The subcutaneous tissue including gelatin and gelatin-ß-TCP scaffolds with or 
without BMP-2 incorporation was fixed in 10 wt% neutral-buffered formalin solution 4 weeks after 
implantation.  The tissue samples fixed were conventionally dehydrated in aqueous solutions of ethanol at 
sequentially increasing concentrations of 70 to 100 vol%, immersed in xylene, and embedded in paraffin.  
The samples were sectioned at 4 μm thickness and stained by hematoxylin and eosin (HE) to view on an 
optical microscopy (AX-80, Olympus, Japan).   
 
Biochemical evaluation of BMP-2-induced ectopic bone formation 
 The samples obtained 2 and 4 weeks after implantation were freeze-dried and grinded.  The 
grinded sample (5 mg) was homogenized in 1 ml of mixed aqueous solution of 0.2 % Nonidet P-40, 10 mM 
Tris-HCl, and 1 mM MgCl2 (pH 7.5).  The homogenate was centrifuged at 12,000 rpm and 4 oC for 15 
min and the alkaline phosphatase (ALP) activity of supernatant obtained was determined by a p-nitro 
phenyl-phosphate method [39].   
For the determination of osteocalcin content, the grinded sample (5 mg) was placed for 12 hr in 
40 % formic acid aqueous solution (1 ml) for decalcification.  During the decalcification process, the 
non-collagenous proteins of bone matrix were extracted.  After desalting of the extracts with a gel 
filtration using SephadexTM G-25M column (PD-10, Amersham Pharmacia biotech AB, Sweden), the 
resulting solution was freeze-dried and subjected to an osteocalcin rat enzyme-linked immunosorbent assay 
(ELISA) (rat osteocalcin ELISA system, Amersham Biosciences, Tokyo, Japan) [39].   
 
Enzymatic degradation of gelatin and gelatin-ß-TCP scaffolds 
 Gelatin and gelatin-ß-TCP scaffolds were immersed in Tris buffer (pH 7.4) containing 5 unit/ml 
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of collagenase at 37 oC and then washed with distilled water.  Appearance of the scaffolds was observed 
by an optical microscope.   
 
Statistical analysis 
All the data were shown as the mean value ± the standard deviation of the mean.  The pairwise 
comparisons of individual group means were conducted based on the one-way ANOVA.  Values of p < 




Characterization of gelatin and gelatin-ß-TCP scaffolds 
 Figure 4-1 shows the electron microscopic structure and EDX image of gelatin and 
gelatin-ß-TCP scaffolds.  Irrespective of the ß-TCP content, the similar intra-structure of sponges was 
observed.  Every scaffold had an interconnected porous structure with the pore size range of 180-200 μm 
and the porosity around 96 % (Table 4-1).  ß-TCP granules were homogeneously localized in the gelatin 
walls of the scaffolds, while the intensity of the peak for CaKα x-ray depends on the ß-TCP content (Figure 
4-1K, 1L, 1M, 1N, 1O).  On the other hand, the compression modulus of scaffolds increased with an 
increase in the content of ß-TCP.   
 
In vivo evaluation of BMP-2 release from gelatin and gelatin-ß-TCP scaffolds incorporating BMP-2 
 Figure 4-2 shows the in vivo decrement patterns of the remaining radioactivity at the implanted 
site of gelatin and gelatin-ß-TCP scaffolds incorporating 125I-labeled BMP-2.  The period of BMP-2 
retention was not influenced by the ß-TCP content.  Negligibly low radioactivity was detected in the 
thyroid gland for each experimental group, indicating no release of free radioactive iodine from 125I-labeled 
BMP-2 (data not shown).   
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Figure 4-2. In vivo time profiles of the radioactivity remaining after the subcutaneous 
implantation of gelatin-ß-TCP scaffolds incorporating 125I-labeled BMP-2 into the 
back of mice. The ß-TCP contents of gelatin scaffolds are 0 (○), 25 (△), 50 (□), 





Ectopic bone formation induced by gelatin and gelatin-β−TCP scaffolds incorporating BMP-2 
Figure 4-3 shows the histological section of subcutaneous tissue 4 weeks after implantation of 
gelatin and gelatin-ß-TCP scaffolds incorporating BMP-2.  Every BMP-2-incorporated scaffold induced 
bone formation homogeneously throughout the scaffolds, although the extent of bone formation was higher 
in the scaffolds with the lower contents of ß-TCP.   
Irrespective of the ß-TCP incorporation, the gelatin and gelatin-ß-TCP scaffolds incorporating 
BMP-2 enhanced the ALP activity to a significantly higher extent than that of the BMP-2-free scaffolds 
(Figure 4-4A).  The highest ALP activity was observed for the gelatin sponge without ß-TCP.  The 
similar ß-TCP content dependency was observed for the osteocalcin content of subcutaneous tissues around 
the implanted site of sponges incorporating BMP-2.  The BMP-2-incorporated gelatin sponge without 
ß-TCP exhibited the highest osteocalcin content 4 weeks after the implantation, while the osteocalcin 
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content decreased with the increasing content of ß-TCP (Figure 4-4B).  Incorporation of BMP-2 enabled 
gelatin scaffolds to enhance the induction activity of bone formation, irrespective of the ß-TCP 






















Figure 4-3. Histological cross-sections of subcutaneous tissue around the implanted site of 
gelatin-ß-TCP scaffolds incorporating BMP-2 4 weeks after implantation into the 
back subcutis of rats.  The ß-TCP contents of gelatin scaffolds are 0 (A), 25 (B), 
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 β-TCP content (wt%) 
 
Figure 4-4. ALP activity (A) and osteocalcin contents (B) of tissues around the implanted site 
of gelatin-β-TCP scaffolds incorporating BMP-2 2 and 4 weeks after implantation, 
respectively.  The BMP-2 doses are 0 (□) and 5 μg (  ).  *p < 0.05; significant 
against the ALP activity and the osteocalcin contents of tissues around the 
implanted site of empty gelatin-β-TCP scaffolds at the corresponding β-TCP 








This chapter demonstrates that the in vivo osteoinductive activity of gelatin-ß-TCP scaffolds 
incorporating BMP-2 was greatly influenced by the ß-TCP content.  In our previous studies, the hydrogel 
of gelatin in different shapes, such as disks, sheets, and microspheres, could be fabricated to function as the 
release carrier of various growth factors [40].  Although it is known that gelatin is one of the substrate 
materials for cell adhesion and proliferation, the hydrogel dose not always function as a good scaffold of 
migration, proliferation, and differentiation of cells, because of no porous structure necessary for cell 
infiltration.  Therefore, in this chapter, a hydrogel with a porous sponge structure was fabricated by a 
homogenization process of aqueous gelatin solution.  This homogenization process has been reported to 
prepare a synthetic dermal substitute of collagen [41].  The pore size was adjusted at 180-200 μm since 
the pore size suitable for cell infiltration and ingrowth of host bone tissue is reported to be in the range of 
100-350 μm [42, 43].  As a result, the gelatin sponge obtained functions not only as the release carrier for 
growth factor, but also as the scaffold of cell attachment and proliferation.  For the scaffold preparation, 
ß-TCP which has been extensively explored as one bioactive substrate was combined.  Since spontaneous 
gelation of gelatin solution homogeneously dispersing various amounts of ß-TCP takes place immediately 
after leaving them at 4 oC, no sedimentation of ß-TCP granules was observed in this study.  Homogeneous 
incorporation of ß-TCP enabled the gelatin scaffold to increase the compression modulus without any 
change in the pore structure.  The mechanical resistance of scaffolds against compression in a dry state 
increased with the increased ß-TCP content (Table 4-1).  The scaffold of sponge shape has been used for 
cell scaffold from the viewpoint of good nutrients and oxygen supply to cells and superior cell infiltration.  
However, generally a porous structure weakens the mechanical strength of scaffold.  Therefore, often the 
compression modulus of sponge scaffold is not strong enough for cell scaffold application.  In 
experimental and clinical cases, porous HAp and ß-TCP have been widely used because of their inherent 
osteoconductivity [13-22].  However, there are some disadvantages to be improved, such as poor 
biodegradability and brittle nature.  In addition, it is difficult to freely change the shape of bioceramics 
 - 90 -
Ectopic bone formation in gelatin-β-TCP scaffolds 
upon applying to the body site of different shapes during the operation.  This study clearly indicates that 
combination of bioceramics with gelatin is one of the effective strategies to overcome the material 
problems.  The gelatin-β-TCP scaffold can be readily cut by a scalpel for the shape change.   
When incorporated into gelatin and gelatin-ß-TCP scaffolds and implanted subcutaneously, 
BMP-2 was retained in the sponges in vivo for more than one month and long-termed BMP-2 release was 
achieved (Figure 4-2).  No dependence of in vivo BMP-2 release profile on the ß-TCP content was 
observed.  This can be explained in terms of the sponge property for growth factor release.  Chapter 1 
demonstrates that a biodegradable hydrogel of the same gelatin enabled BMP-2 to release at the implanted 
site for extended time periods and the BMP-2 release was governed by the degradation of carrier hydrogel 
[7].  On the other hand, ß-TCP has been investigated as a carrier material for BMP-2 release [44] to show 
the in vivo release profile similar to that of the gelatin sponge without β-TCP incorporation (data not 
shown).  It is highly conceivable that the BMP-2 adsorbed on the surface of ß-TCP can be released 
through the detachment accompanied with the pore surface erosion, since ß-TCP is biodegradable [45].  
Taken together, we can say with fair certainty that BMP-2 is released from the gelatin-ß-TCP scaffold 
based on the in vivo degradation of both gelatin and ß-TCP, although the contribution percentage to the 
binding site of BMP-2 for release between the gelatin and ß-TCP is not clear yet. 
The histological study clearly reveals that gelatin and gelatin-ß-TCP scaffolds incorporating 
BMP-2 induced bone formation homogeneously throughout the scaffolds (Figure 4-3).  For the scaffold of 
hydrogel type, it was difficult to allow cells to infiltrate into the interior of gelatin hydrogels, and 
consequently osteogenic differentiation induced by the gelatin hydrogel incorporating BMP-2 was observed 
only around the hydrogel [46], which is quite different from the case of gelatin sponge reported here.  As 
Wozney et al report [47], the ectopic placement of implants incorporating BMP permits clear differentiation 
of osteoblast cells throughout osteoinduction for bone tissue formation.  It has been considered that BMP 
activates a set of cellular events including chemotaxis of uncommitted mesenchymal cells and possibly 
other target cells into the implanted site as well as their differentiation into mineral-depositing osteoblasts. 
It is likely that the mesenchymal cells recruited into gelatin-ß-TCP scaffolds are stimulated by BMP-2 
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released from the scaffold enough to allow them to differentiate into bone-forming cells like osteoblasts, 
resulting in efficient induction of bone formation thereat.  The extent of bone formed was greater for the 
gelatin scaffold incorporating BMP-2 than that of gelatin-ß-TCP scaffold incorporating BMP-2.  This 
suggests that the ß-TCP presence is not always necessary for bone formation, but the BMP-2 release plays 
a major role in facilitating osteoinduction activity of gelatin-ß-TCP scaffold incorporating BMP-2.  In 
addition, it is possible that the bone formation inside the sponge is basically caused by the pore structure. 
The ALP activity and osteocalcin content of subcutaneous tissues around the implanted site of 
gelatin and gelatin-β-TCP scaffolds incorporating BMP-2 were the highest for the gelatin scaffold without 
ß-TCP incorporation (Figures 4-4A and 4B).  Since osteoinductive materials allow mesenchymal cells 
around the implanted site to infiltrate into their pores and to differentiate into osteogenic cells therein [11, 
12, 44], it is conceivable that the osteoinduction activity of the BMP-2-incorporated sponges is influenced 
both by the in vivo deformation resistance of the scaffolds and the in vivo profile of BMP-2 release.  The 
difference in the scaffold deformation can be explained from the viewpoint of the mechanical stability of 
scaffolds rather than the material degradation.  When the compression modulus of gelatin-ß-TCP 
scaffolds was measured in a freeze-dry state, it became higher with the increased amount of ß-TCP 
incorporated.  On the other hand, the morphological change of gelatin sponges with or without ß-TCP 
incorporation was evaluated before and after their immersion in collagenase solution (Figure 4-5).  
Although the compression modulus of scaffolds freeze-dried increased with the increased ß-TCP content 
(Table 4-1), in a wet state the gelatin-ß-TCP scaffold collapsed easier than the gelatin sponge without 
ß-TCP incorporation.  It is apparent in Figure 4-1 that ß-TCP granules are dispersed in the matrix of 
gelatin.  It is conceivable that gelatin serves as a binder material between ß-TCP particles incorporated to 
keep the structure of gelatin-ß-TCP scaffolds.  Thus, the content of gelatin decreases with an increase in 
that of ß-TCP.  As a result, it is likely that the scaffolds with higher ß-TCP contents are collapsed and 
deformed easily under wet and proteolytic conditions due to faster loss of gelatin mass by degradation.  It 
is possible that this scaffold deformation bring about loss of the intrasponge space necessary for bone 
ingrowth, resulting in reduced osteoinduction activity inside the scaffold.   
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Figure 4-5. Appearance of gelatin-ß-TCP scaffolds before (A, B) and after (C, D) in vitro 
enzymatic degradation.  The ß-TCP contents of gelatin scaffolds are 0 (A, C) and 




On the other hand, we have demonstrated that the in vivo retention of BMP-2 greatly affects the 
osteoinduction activity of gelatin hydrogels incorporating BMP-2 [7].  In addition, Kaito et al. have 
demonstrated that even if an interconnected-porous HAp functions as a bioactive and osteoconductive 
scaffold for bone ingrowth [11, 12], the osteoinductivity of a BMP-2/synthetic biodegradable polymer/HAp 
composite at an ectopic site is affected by the release profile of BMP-2 from the composite [35].  It is 
conceivable that the osteoinductivity of BMP-2 released plays a major role in inducing ectopic bone 
formation much more efficiently than the inherent osteoconductivity of HAp.  However, in this study, in 
vivo retention of BMP-2 was not changed by the content of ß-TCP incorporation (Figure 4-2).  Taken 
together, it is likely that the in vivo deformation of scaffolds was one factor contributing to the 
osteoinduction extent of BMP-2-incorporated scaffolds, although the bioactivity remaining for BMP-2 
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released and the osteoconductivity are not compared quantitatively among different scaffolds.   
There have been many reports on the polymer/bioceramics composites, such as 
collagen/hydroxyapatite, collagen/hydroxyapatite/polylactide, chitosan/gelatin/tricalcium phosphate, 
collagen/tricalcium phosphate, and gelatin/tricalcium phosphate, for the scaffold of bone tissue engineering.  
Most of the reports demonstrate the osteoconductivity of the composites from the in vitro osteogenic 
culture and the animal experiment of bone defects [23-28].  On the other hand, some research groups have 
investigated the osteoinduction of BMP-incorporating composites for different animal models [29-35].  
However, little has been investigated about the effect of the bioceramic content on the osteoinduction 
activity.  Various methods have been developed to fabricate polymer/bioceramics composites, such as 
co-precipitation of hydroxyapatite and collagen in an aqueous collagen solution, hydroxyapatite deposition 
onto the pore surface of a collagen sponge, and simple mixing hydroxyapatite particles with a polymer 
solution.  Since the characteristics of the composites greatly depend on the fabrication methods, it is 
difficult to directly compare the present data from the results reported.  For example, Kaito et al. 
fabricated the lactide-co-ethylene glycol copolymer/hydroxyapatite composite incorporating BMP by 
simple coating of BMP/polymer mixture onto the porous hydroxyapatite block [35].  Asahina et al. 
implanted hydroxyapatite granules or block with BMP/collagen mixture into a mandible bone defect of 
monkey [30].  In these studies, the hydroxyapatite scaffold can keep the porous structure for bone 
formation, while the mixture of BMP and polymer enhances bone formation in the scaffold.  On the other 
hand, Hu et al. reported BMP-incorporated polylactide scaffold containing the precipitate of collagen and 
hydroxyapatite [32, 33].  It is possible that polylactide functions as a binder material to keep the 
composite structure.  Since the degradation of polylactide is much slower than that of gelatin, it is 
conceivable that the hydroxyapatite composite with polylactide binder seems to be more stable than that 
with gelatin binder.  The in vivo stability of the sponges used in this study depends on the gelatin mass of 
binder, while the binder mass decreased with an increased in the ß-TCP content.  Taken together, it is 
possible that the pore structure of scaffolds with the higher ß-TCP contents does not maintain due to the 
faster loss of gelatin mass, resulting in a reduction of the intrasponge space necessary for osteoinduction in 
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gelatin-ß-TCP scaffolds. 
Simple foaming of gelatin solution enabled us to prepare the gelatin scaffold of sponge structure 
not only to induce in vivo infiltration of cells from the surrounding tissues, but also to facilitate in vitro cell 
seeding.  We have demonstrated that the attachment, proliferation, and osteogenic differentiation of 
mesenchymal stem cells (MSC) were influenced by the sponge composition of gelatin and ß-TCP as the 
cell scaffold [48].  The balance between the cell density of scaffold and the bioactivity of ß-TCP may 
contribute to the extent of MSC differentiation in the sponge.  Indeed the osteoinductive activity without 
cell seeding decreases with the increased ß-TCP content.  However, combination of cell seeding technique 
and the delivery system of osteoinductive growth factor could mimic naturally-occurring bone matrix 
system which provides a favorable environment for osteoinduction, resulting in facilitating in vivo 
osteoinduction for bone regeneration.   
In conclusion, gelatin scaffolds incorporating various amounts of β-TCP with an average pore 
size of 180-200 μm were fabricated.  The extent of the in vivo BMP-2 remaining was similar for gelatin 
scaffolds with different β-TCP contents, although the osteoinduction of gelatin-β-TCP scaffolds 
incorporating BMP-2 was affected by the β-TCP content.  Since the gelatin-β-TCP scaffold collapsed 
easier than the gelatin scaffold without β-TCP incorporation under a proteolytic condition, the maintenance 
of the intrasponge space necessary for the osteoinduction is one factor contributing to the osteoinduction 
extent of BMP-2-incorporating scaffolds.  The present findings will give fundamental information to 
design the osteoinductive scaffold for bone tissue engineering in terms of bone cell scaffold and growth 
factor delivery system.   
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OSTEOGENIC DIFFERENTIATION AND BONE REGENERATION OF 
MSC COMBINED WITH DIFFERENT SCAFFOLDS 
 Chapter 5 
 




The objective of tissue engineering is to induce tissue regeneration for the repairing of damaged 
or lost tissues and to substitute the biological functions of injured organs by making use of cells with high 
proliferation and differentiation potential.  To prepare cells for tissue engineering applications, it is 
important to expand in vitro cells isolated from a small biopsy of body tissue.  The cells are then seeded 
onto a scaffold to allow further proliferation and differentiation in vitro and the cell–scaffold construct is 
transplanted into the body defect for tissue regeneration and repair.   
Mesenchymal stem cells (MSC), which are readily isolated from bone marrow, have attracted 
much attention for tissue engineering because they are able to proliferate and have the inherent potential to 
differentiate into the cell lineage of various types, for example, bone, cartilage, muscle, tendon, and other 
connective tissues.  Many research trials have been reported to induce tissue regeneration by use of MSC 
or their combination with scaffolds and culturing [1-5].  It is important for the formation of MSC–scaffold 
constructs not only to design an appropriate scaffold but also to develop the appropriate culturing 
technology, such as the cell-seeding method.   
Because the cell-seeding method greatly affects the structural and biological integrity of 
cell–scaffold constructs, it is essential for successful tissue regeneration to optimize the seeding process.  
The spatially uniform distribution of cells attached inside the scaffold, and their high density and good 
cellularity, are required to effectively induce tissue regeneration based on the cell–scaffold construct.  It 
has been demonstrated that the nonuniform distribution of seeded cells and poor cellularity resulted in 
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inferior preparation of tissue constructs [6-8].   
The objective of this chapter was to optimize the conditions for a cell-seeding method involving 
agitation.  Cell attachment to non-woven fabric was evaluated in terms of agitation speed, culture vessel 
shape, and volume of culture medium.  Distribution of cells seeded inside the fabric was investigated and 




MSC isolation and culture 
 Mesenchymal stem cells (MSC) were isolated from the bone shaft of femurs of 3-week-old 
male Fischer 344 rats according to a technique reported by Lennon et al [9].  Briefly, both ends of each rat 
femur were cut away from the epiphysis, and the marrow was flushed out by expulsion of 1 ml of 
Dulbecco’s modified Eagle’s minimum essential medium (DMEM), supplemented with 15 % fetal calf 
serum and antibiotics (penicillin–streptomycin solution, 50 U/ml), from a syringe through a 21-gauge 
needle.  The cell suspension was collected in two 25-cm2 flasks (Iwaki Glass, Funabashi, Chiba, Japan), 
each containing 5 ml of medium.  The medium was changed after the initial 3 days of culture and every 3 
days thereafter.  When the first-passage cells became subconfluent, usually 7–10 days after seeding, the 
cells were detached from the flasks by treatment for 5 min at 37°C with a solution of 0.25 % trypsin and 
0.02 % EDTA in 100 mM phosphate-buffered saline solution (PBS, pH 7.4).  Cells were normally 
subcultured at a density of 2×104 cells/cm2.  Second-passage cells at subconfluence were used in all the 
experiments.   
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Preparation of non-woven fabrics 
 Non-woven fabric (3 mm thick; fiber density, 177 g/m2) prepared from polyethylene 
terephthalate (PET) fiber, 12 μm in diameter, was kindly supplied by Toray (Shiga, Japan).  The porosity 
was approximately 94 %.  The PET non-woven fabric was punched out into 6-mm-diameter disks.  The 
6-mm disks were prewetted with aqueous ethanol solution (70 vol%) for 30 min to sterilize and enhance 
their water uptake, and completely rinsed twice with PBS and twice with culture medium for 1 hr each to 
remove ethanol.   
 
Cell seeding into non-woven fabrics 
 Two different methods (static and agitation) were used to seed MSC onto PET non-woven 
fabric, based on a technique reported previously [10].  For the static seeding method, 50 or 200 μl of a cell 
suspension (5×105 – 2×108 cells/ml) was poured onto non-woven fabric in the wells of culture plates (Iwaki 
Glass) or in 50-ml tubes (Iwaki Glass).  For the agitation seeding method, 50 or 200 μl of a cell 
suspension (5×105 – 2×108 cells/ml) and non-woven fabric were placed in the wells of culture plates or in 
50-ml tubes on an orbital shaker (Bellco Glass, Vineland, NJ) and agitated at 100–300 rpm for 6 hr.  In 
both methods, the cell-seeded non-woven fabrics were thoroughly washed with PBS to exclude 
nonadherent cells and subjected to the following analytical assays.   
 
DNA assay 
 The number of cells attached to non-woven fabric was determined by fluorometric 
quantification of cell DNA according to the assay reported by Rao and Otto [11].  Briefly, cell-seeded 
non-woven fabric samples were washed with PBS and stored at 230 °C until assayed.  After thawing the 
samples, they were digested in a buffer solution (pH 7.4) containing proteinase K (0.5 mg/ml) sodium 
dodecyl sulfate (0.2 mg/ml), and 30 mM sodium citrate–buffered saline solution (SSC) at 55 °C for 12 hr 
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with occasional mixing.  Each enzyme-digested sample (100 μl) was mixed with SSC buffer (400 μl) in a 
glass tube.  After mixing with a dye solution (500 μl; composition: 30 mM SSC, Hoechst 33258 dye [1 
μg/ml]), the fluorescence intensity of mixed solution was measured in a fluorescence spectrometer (F-2000; 
Hitachi, Tokyo, Japan) at excitation and emission wavelengths of 355 and 460 nm, respectively.  The 
calibration curve between the DNA and cell number was prepared by use of cell suspensions with different 
cell densities.  The DNA assay was done three times, independently, for every experimental sample unless 
otherwise mentioned.   
 
SEM observation of cells attached to non-woven fabrics 
 Cell-attached non-woven fabric samples, and 6 hr of seeding, were fixed in 10 wt% 
neutral-buffered formalin solution until ready for embedding.  The fixed fabric samples were 
conventionally dehydrated in sequentially increasing ethanol solutions to 100 vol% ethanol, immersed in 
xylene, and embedded in paraffin.  The samples were sectioned (thickness, 4 μm) and stained with 
hematoxylin and eosin (HE) to visualize the attachment and distribution of cells inside the fabric.  The 
sample sections were viewed by light microscopy (AX-80; Olympus, Tokyo, Japan) to take their pictures 
(12 pictures per sample).  Every section picture was mechanically divided into three regions (upper, 
middle, and lower) and the number of cells present in each region was counted.   
 
Histological evaluation of cells attached to non-woven fabrics 
 The cell-attached non-woven fabrics after 6 hr seeding were fixed in 10 wt% neutral-buffered 
folmalin solution until ready for embedding. The fixed fabric samples were conventionally dehydrated in 
sequentially increasing ethanol solutions to 100 vol% ethanol, immersed in xylene, and embedded in 
paraffin.  The samples were sectioned at 4 μm thickness and stained by hematoxylin and eosin (HE) to 
visualize the attachment and distribution of cells inside the fabric.  The sample sections were viewed on a 
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microscopy (AX-80, Olympus, Tokyo, Japan) to take their pictures (12 pictures/sample). Every section 
picture was mechanically divided into three regions of upper, middle, and lower, and the number of cells 
present in each region was counted.  
 
Measurement of LDH activity and medium pH 
 The extent of cell damage and death during the seeding process was assessed by measuring 
lactate dehydrogenase (LDH) levels and pH of the medium of samples using a commercial kit (Wako Pure 
Chemical, Osaka, Japan) and a pH meter (Shindengen Electric Manufacturing, Tokyo, Japan), respectively.   
 
Statistical analysis 
 All the data were analyzed by Fisher’s LSD test for multiple comparison and the statistical 
significance was accepted at p < 0.05.  Experimental results were expressed as the means ± the standard 




Cell attachment to non-woven fabrics 
 Figure 5-1 shows cell attachment to non-woven fabric after cell seeding by the static or 
agitation seeding method.  The number of cells attached to non-woven fabric by the static seeding method 
seemed to be low compared with that produced by the agitation seeding method in the larger volume of cell 
suspension (200 μl), irrespective of the shape of the culture vessel.  For the agitation seeding method, 
more cells were attached to fabric in the tubes than to the wells of culture plates.   
 
 


































Number of cells seeded/fabric 
 
Figure 5-1. Number of cells attached to non-woven fabric as a function of cell number in the 
seeding solution 6 hr after cell seeding by the static method (open symbols) or by the 
agitation method (300 rpm) (solid symbols).  The matrix was incubated in a culture 
plate containing medium (50 μl: ○, ●; 200 μl: △, ▲) or in a tube containing 200 
μl of medium (□, ■).  *p < 0.05, significant against cells attached to non-woven 
fabric after cell seeding by the static method (0 rpm) in the corresponding culture type; 
†p < 0.05, significant against cells attached to non-woven fabric after cell seeding by 
the agitation method (300 rpm) in a culture plate contained 50 μl of medium; ‡p < 0.05, 
significant against cells attached to non-woven fabric after cell seeding by the agitation 









Effect of agitation speed on cell attachment 
 Figure 5-2 shows the effect of agitation speed on cell attachment to non-woven fabric.  The 
number of cells attached to non-woven fabric increased with an increase in rotating speed for the agitation 
seeding method in the larger volume of cell suspension (200 μl).  No significant difference in the extent of 
cell attachment was seen with the cell suspension in a volume of 50 μl at the high rotating speed.   
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Figure 5-2. Effect of agitation speed on cell attachment to non-woven fabric 6 hr after cell seeding by the 
static method (0 rpm) or by the agitation method.  The number of cells in the seeding solution 
was 106 cells per fabric.  Fabric was incubated in a culture plate containing medium (50 
μl,   ; 200 μl,   ) or in a culture tube containing 200 μl of medium (■).  *p < 0.05, 
significant against percentage of cells attached at a rotating speed of 0 rpm in the corresponding 
culture type; †p < 0.05, significant against percentage of cells attached at a rotating speed of 100 
rpm in the corresponding culture type; ‡p < 0.05, significant against percentage of cells attached 
at a rotating speed of 200 rpm in the corresponding culture type; §p < 0.05, significant against 
percentage of cells attached in a culture plate containing 50 μl medium and rotated at the same 
speed; ¶p < 0.05, significant against percentage of cells attached to a culture plate containing 
200 μl medium and rotated at the same speed. 
 
SEM of cell attached non-woven fabrics under various cell culture conditions 
 Figure 5-3 shows scanning electron micrographs of cross-sections of non-woven fabric 6 hr 
after MSC seeding by the static or agitation seeding method.  When middle portions of fabric samples 
were compared, the cell density was higher for the agitation seeding method than for the static seeding 
method in the case of tube culture.  On the other hand, cells did not distribute to the middle portion of 
fabric samples in the wells of culture plates.  Much higher cell density was observed by culturing cells in 
tubes rather than in the wells of culture plates.   
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Cell distribution to non-woven fabrics 
 Figure 5-4 shows histological sections of cells attached to non-woven fabric 6 hr after cell 
seeding by the static or agitation seeding method.  Similarly in Figure 5-3, the number of cells adherent to 
non-woven fabric by the agitation seeding method tended to be high compared with that produced by the 
static seeding method in the case of tube culture with a larger volume of cell suspension.  No significant 
difference in number of cells attached to non-woven fabric was seen with the small volume (50 μl), 
irrespective of the seeding method.  In the case of agitation seeding, the cells uniformly distributed 
throughout the non-woven matrix under the culture conditions in culture tubes.   
Figure 5-5 shows the distribution of cells attached to non-woven fabric.  The number of cells 
attached by static seeding to non-woven fabric was small compared with that produced by agitation seeding.  
Irrespective of the seeding method, on culture plates cells distributed mainly onto the upper layer of 
non-woven fabric; fewer cells were detected in the middle and lower layers of the non-woven fabric.  On 
the other hand, agitation cell-seeding method combined with the use of culture tubes enabled cells to adhere 
at high density and distribute homogeneously throughout every layer of the fabric.   
 
Metabolism of cells cultured by the static and agitated seeding methods 
 Figure 5-6A shows the LDH leakage of cells after cell seeding of non-woven fabric by the static 
or agitation seeding method.  LDH leakage increased with incubation time for both cell-seeding methods, 
but leakage associated with the agitation seeding method was lower than that with the static seeding 
method.  Figure 5-6B shows the pH of culture medium after cell seeding of non-woven fabric by both cell 
seeding methods.  The medium pH of cells cultured by the static seeding method decreased compared 
with that of the agitation seeding method.  Irrespective of the culture vessel type, the decrease in pH value 
of cells cultured at a suspension volume of 200 μl was significantly larger than that of the other culture  
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Figure 5-5. Distribution of cells attached to non-woven fabric 6 hr after cell seeding by the static 
method (A) or by the agitation seeding method (300 rpm) (B).  Cells were counted 
in the upper (□), middle ( ), and lower (■) layers of non-woven fabric.   
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Figure 5-6. LDH leakage of cells (A) and pH of culture medium (B) 6 hr after seeding of 
non-woven fabric by the static method (□ and   ) or by the agitation method (300 
rpm) (   and ■).  The number of cells in the seeding solution was 106 cells per 
fabric.  Cell culture was done for 6 hr (□ and   ) and 24 hr (   and ■).  *p < 
0.05, significant against the pH value of the control group; †p < 0.05, significant 
against the pH value of cells cultured in a suspension volume of 50 μl.   
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DISCUSSION 
 
 From the viewpoint of tissue engineering to enable cells to form a three-dimensional tissue 
construct, it is important that the cells be attached throughout the scaffold at high density and 
homogeneously inside the scaffold.  Some research has been performed on cell-seeding methods to 
improve the manner of cell attachment onto scaffolds.  Various seeding methods have been tried to 
investigate cell attachment to various scaffolds: the pouring of cell suspension onto scaffolds [12-14], the 
injection of cell suspension with a syringe [15], and the seeding of cell suspension to scaffolds in spinner 
flasks [16-18] and in a perfusion culture system[19, 20].  Kim et al. have reported that the number of cells 
attached to a scaffold was enhanced with an agitation cell-seeding method, wherein the scaffold is agitated 
in the cell suspension [21].  There is no doubt that the proposed methods improved cell attachment and 
growth, but little care was taken concerning cell distribution and cellularity inside the scaffold.   
This chapter demonstrates that the agitation cell seeding method enhanced the number of cells 
attached to a scaffold of non-woven fabric and enabled cells to distribute more homogeneously throughout 
the scaffold compared with the static cell-seeding method.  This enhanced cell attachment depended on 
the seeding conditions, such as the volume of cell suspension, the rotating speed, and the culture time.  
These findings were similar to those reported previously [21].  However, it should be noted that the cell 
distribution is also greatly influenced by the culture conditions and became homogeneous on use of optimal 
conditions.  First, the volume of cell suspension should be larger than that of the scaffold.  It is necessary 
for homogeneous cell distribution that the cell suspension be allowed to agitate around the scaffold.  This 
is why culture tubes are much superior to culture plates in making the cell distribution more homogeneous 
(Figure 5-5).  On the other hand, with culture plates it would be impossible for cells to infiltrate the 
scaffold from the surrounding medium because the diameter of each culture well was similar to that of the 
scaffold, and there was no additional room around the scaffold.  In the tube cultures, the cell suspension 
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was always present around the scaffold.  As a result, it is likely that the cells readily diffused into the 
scaffold uniformly.  Second, the agitation must be strong enough to keep the cell suspension uniform.  If 
cells sediment during the agitation seeding, homogeneous cell attachment will not be achieved. Uniformity 
of cell suspension was achieved when the rotating speed was at 250 rpm or higher (data not shown). 
 LDH leakage as an index of cell damage and death was lower with agitation seeding than with 
static seeding (Figure 5-6).  A decrease in the pH of the culture medium results mainly from the 
production of wastes, such as lactate, generated by cell metabolism [22].  A lower pH of cells seeded by 
the static seeding method can be partially explained in terms of waste accumulation.  Under static 
conditions, it is possible that the wastes generated by cells are accumulated in the fabric without being 
diffused out, because of the lack of motion of the culture medium.  This medium stagnation also causes 
low in-diffusion of fresh medium.  Consequently, the reduced metabolic activity would result in increased 
LDH leakage and decreased medium pH. On the other hand, superior out-diffusion and in-diffusion of 
culture medium with the agitation method gave attached cells good culture conditions.  In conclusion, 
timely and spatially optimized agitation seeding allows cells to homogeneously distribute into non-woven 
fabrics for tissue engineering.   
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Osteogenic differentiation of MSC in non-woven fabrics with  




 Cell scaffolds are important for tissue engineering which is a newly emerging biomedical form 
to promote the regenerative repairing of damaged or lost tissues and the substitution of organ functions 
[1-5].  The role of scaffold is to give cells an environment suitable for their proliferation and 
differentiation to induce tissue regeneration, which may control the size and shape of tissue regenerated.  
For example, the pore size and porosity of scaffolds have been investigated to demonstrate the material 
factors which have great influence on the oxygen or nutrient supply to cells for their survival and 
maintenance of biological activities [6-9].  Therefore, various three-dimensional scaffolds of sponges, 
knits, and non-woven fabrics have been designed and prepared to achieve the scaffold requirements 
mentioned above.   
 For successful tissue regeneration, the cells constituting tissue to be regenerated, such as 
matured, progenitor, precursor, are necessary.  Considering the proliferation activity and differentiation 
potential of cells, the stem cells are practically promising.  Among them, mesenchymal stem cells (MSC) 
have been widely investigated to use by themselves or combining with the scaffold to realize regenerative 
medicine because they can be isolated clinically from the bone marrow [10].  It is well known that MSC 
have the inherent potential to differentiate into the cell lineage of various types [11].  Therefore, many 
trials have been performed to induce the regeneration of various tissues by combining the MSC with the 
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scaffolds [12-15].  Ishaug et al. form a mineralized bone-like tissue in vitro by culturing rat marrow 
stromal cells or rat calvarial osteoblasts in the sponge scaffold of lactic acid and glycolic acid copolymer 
[16].  It is recognized that the proliferation and biological functions of cells are influenced by the cell 
seeding density or the pore size and porosity of scaffolds [17-21].  The scaffolds of different types have 
been explored to demonstrate influence of the physicochemical properties on the cell behaviors [22-33].  
Among them, influence of the three-dimensional structure of fibrous scaffold on the morphology, 
proliferation, migration, differentiation, and biological function of cells has been investigated [34].  
However, the effect of the fiber diameter of fabric constituting the scaffold on the cell behavior is not 
examined.  The surface morphology of the scaffolds to contact cells is one of the important properties 
which play a key role in the proliferation and differentiation.  In this chapter, the surface morphology was 
changed by altering the fiber size of non-woven fabrics.  The non-woven fabrics of PET fibers were taken 
for the scaffold because the fabrics of different fibers are practically available.  Since the PET fibers are 
not degraded, the surface morphology is not changed during the cell culture.   
The objective of this study is to investigate the attachment, morphology, proliferation, and 
osteogenic differentiation of MSC in the non-woven fabrics prepared from PET fibers with different 
diameters.  We also examined the effect of fabrics porosity on the proliferation and differentiation of MSC 




MSC isolation and culture 
 Mesenchymal stem cells (MSC) were isolated from the bone shaft of femurs of 3-week-old 
male Fisher 344 rats according to the technique reported by Lennon et al. [35].  Briefly, both the ends of 
- 122 - 
MSC differentiation in various non-woven fabrics 
rat femurs were cut away from the epiphysis and the bone marrow was flushed out by a syringe (21-gauge 
needle) with 1 ml of Dulbecco’s modified Eagle Minimum Essential medium (DMEM) supplemented with 
15 % fetal calf serum (FCS) and 50 U/ml penicillin-streptomycin.  The cell suspension (5 ml) was placed 
into two T-25 flasks (IWAKI Glass Co. Ltd., Chiba, Japan).  The medium was changed on the 4th day of 
culture and every 3 days thereafter.  When the cells of the first passage became subconfluent, usually 7-10 
days after seeding, the cells were detached from the flask by treatment for 5 min at 37 °C with the solution 
of 0.25 wt% trypsin and 0.02 wt% Ethylenediaminetetraacetic acid (EDTA) in 100 mM of 
phosphate-buffered saline solution (PBS, pH 7.4).  Cells were normally subcultured at a density of 2×104 
cells/cm2.  The second-passaged cells at sub-confluence were used for all the experiments.   
 
Preparation of non-woven fabrics 
 Non-woven fabrics prepared from the polyethylene terephthalate (PET) fiber with different 
diameters and porosities were kindly supplied from Toray Co., Shiga, Japan (Figure 6-1).  The diameter of 
PET fibers was 2.0, 4.4, 9.0, 12.0, 22.0, and 42.0 μm.  From the technical viewpoint of fabric preparation, 
a small portion of 12 μm PET fibers was incorporated into the fabrics of PET fibers with diameters of 2.0 
and 4.4 μm.  The fabrics prepared by a melt-blow method were punched out into 6 mm-diameter disks, 
and then thermally compressed with two glass plates at 150 °C for 30 min to obtain the fabrics of a low 
porosity shown in Table 6-1.  On the other hand, they were homogeneously disentangled with tweezers 
and their shapes were fixed by thermal compression to prepare the fabrics of a high porosity.  The disks 
were pre-wetted with 70 vol% ethanol aqueous solution for 30 min to sterilize them and enhance their 
water uptake, and completely rinsed 2 times with PBS and 2 times with the culture medium for 1 hr to 
remove ethanol.   
 

























Figure 6-1. Scanning electron micrographs of non-woven fabrics prepared from the PET fiber 
with diameter of 2.0 (A), 4.4 (B), 9.0 (C), 12.0 (D), 22.0 (E), and 42.0 μm (F).    
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Table 6-1.  Characterization of non-woven fabrics with different porosities 














67.3 97.0 92.9 94.0 2.0 
 
26.6 97.0 93.4 96.0 4.4 
 
26.9 96.8 92.9 95.1 9.0 
 
12.1 96.9 92.9 93.6 12.0 
 
7.9 96.7 93.0 94.1 22.0 
 
 6.4 96.7 93.0 94.1 42.0  
 
Cell seeding into non-woven fabrics and culture of cell seeded fabrics 
 MSC were seeded into the PET non-woven fabrics with an agitated seeding method because the 
method is reported to seed cells homogeneously in porous three-dimensional cell scaffolds [36, 37].  For 
the agitated seeding method, 500 μl of cell suspension (2×106 – 2×107 cells/ml) and non-woven fabrics 
with different fiber diameters and porosities were placed in 5-ml tubes with 12 mm diameter (IWAKI Glass 
Co. Ltd., Chiba, Japan) on an orbital shaker (Bellco Glass, Inc.) and agitated at 300 rpm for 6 hr.  The 
homogeneously MSC-seeded non-woven fabrics were thoroughly washed with PBS to exclude 
non-adherent cells.  The cell-seeded non-woven fabrics were transferred to 12 well tissue culture plates 
(IWAKI Glass Co. Ltd., Chiba, Japan).  Each fabric was maintained in DMEM supplemented with 15 % 
FCS for 4 weeks at 37 °C in a 95 % air and 5 % CO2 atomspheric pressure.  For bone differentiation, each 
fabric was maintained in DMEM supplemented with 15 % FCS, 10 nM dexamethasone, 50 μg/ml ascorbic 
acid, and 10 mM β-glycerophosphate.  A DMEM supplemented with 15 % FCS were used as the normal 
medium for control culture.   
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SEM observation of cell-seeded non-woven fabrics 
 The non-woven fabrics with cells attached were fixed with 2.5 wt% glutaraldehyde solution in 
PBS.  After rinsing and dehydration in sequentially increasing ethanol solutions to 100 vol% ethanol, the 
dehydrated samples were immersed in t-butanol, and finally dried in a critical point dryer (ES-2030, 
Hitachi, Japan).  After sputter coating with gold/palladium, the samples were examined using a scanning 
electron microscope (SEM, S2380N, Hitachi, Japan). 
 
DNA assay 
 The number of cells attached to the non-woven fabric was determined by the fluorometric 
quantification of cell DNA according to the assay reported by Rao et al. [38].  Briefly, the cell-seeded 
non-woven fabrics were washed with PBS and stored at –30 °C until assayed.  After thawing the samples, 
they were lysed in a buffer solution (pH 7.4) containing 0.2 mg/ml sodium dodecylsulfate (SDS), and 30 
mM sodium citrate-buffered saline solution (SSC) at 37 °C for 12 hr with occasional mixing.  The cell 
lysate (100 μl) was mixed with the SSC buffer (400 μl) in a glass tube.  After mixing with a dye solution 
(500 μl; composition : 30 mM SSC, 1 μg/ml Hoechst 33258 dye), the fluorescent intensity of mixed 
solution was measured in a fluorescence spectrometer (F-2000, HITACHI, Japan) at the excitation and 
emission wavelengths of 355 and 460 nm, respectively.  The calibration curve between the DNA and cell 
number was prepared by use of cells of known numbers.  The DNA assay was done 3 times independently 
for every experimental sample unless otherwise mentioned.   
 
Biochemical evaluation of cell seeded non-woven fabrics 
The cells cultured were lysed in 1 ml of a buffer solution (pH=7.4) containing 0.2 mg/ml SDS, 
and 30 mM SSC at 37 °C for 12 hr with mixing.  The cell lysate was centrifuged at 12,000 rpm and 4 °C 
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for 15 min and the ALP activity of supernatant obtained was determined by a p-nitrophenylphosphate 
method [39].   
To determine the osteocalcin content of cells, the cells cultured were treated with 1 ml of 40 % 
formic acid for 12 hr to decalcify.  After the decalcification process, the cell extraction was applied to the 
gel filtration of SephadexTM G-25 column (PD-10, Amersham Pharmacia biotech AB, Sweden).  The 
resulting solution was freeze-dried and subjected to an osteocalcin rat enzyme-linked immunosorbent assay 
(ELISA) (rat osteocalcin ELISA system, Amersham Biosciences, Tokyo, Japan) 
 
Statistical analysis 
 All the data were analyzed by Fisher’s LSD test for multiple comparison and the statistical 
significance was accepted at p < 0.05.  Experimental results were expressed as the means ± the standard 




Cell attachment to the non-woven fabrics prepared from the PET fibers of various diameters 
 Figure 6-2 shows the scanning electron micrographs of MSC attached to the non-woven fabrics 
prepared from different PET fibers 6 hr after cell seeding.  Cells attached to all the types of non-woven 
fabrics, while they uniformly distributed throughout the non-woven fabrics.  For the non-woven fabric of 
fibers with 2.0 μm diameter, the shape of MSC attached was spherical.  However, the morphology of cells 
attached became flatter with an increase in the diameter of fabric fibers and cell clustering was observed at 
the cross-point between the fibers.  The porosity of non-woven fabrics had no influence on the 
morphology of cells.   























Figure 6-2. Scanning electron micrographs of MSC attached to the non-woven fabrics prepared 
from the PET fiber with diameter of 2.0 (A), 4.4 (B), 9.0 (C), 12.0 (D), 22.0 (E), 
and 42.0 μm (F) 6 hr after cell seeding with agitated seeding method.  The number 
of cells applied is 107 cells/fabric.   
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 Figure 6-2. (Continued). 
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Figure 6-3 shows the number of cells attached to the non-woven fabrics with various fiber 
diameters and porosities.  A larger number of cells attached to the non-woven fabrics of larger diameter 
fibers, irrespective of the porosity of non-woven fabrics.  No difference in the effect of fabrics porosity on 
the cell attachment was observed.  The number of cells attached to the non-woven fabrics with fiber 
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Figure 6-3. The number of cells attached to the non-woven fabrics prepared from the PET fiber 
with various diameters and 6 hr after cell seeding with agitated seeding method: 
low (□) and high porosity (  ).  The number of cells applied is 107 cells/fabric.  
*p < 0.05; significant against the cell attached to the non-woven fabrics with the 
fiber diameter of 2.0 μm at the corresponding porosity.  †p < 0.05; significant 
against the cell attached to the non-woven fabrics with the fiber diameter of 4.4 μm 
at the corresponding porosity.  ‡p < 0.05; significant against the cell attached to 
the non-woven fabrics with the fiber diameter of 9.0 μm at the corresponding 
porosity.  §p < 0.05; significant against the cell attached to the non-woven fabrics 
with the fiber diameter of 12.0 μm at the corresponding porosity.  ¶p < 0.05; 
significant against the cell attached to the non-woven fabrics with the fiber 
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Cell proliferation on the non-woven fabrics prepared from the PET fibers with various diameters 
 Figure 6-4 shows the proliferation profiles of MSC on the non-woven fabrics prepared from 
PET fibers with various fiber diameters and porosities.  MSC proliferated on the fiber of non-woven 
fabrics although the profile depended on the fiber diameter and fabrics porosity.  The cell proliferation 
tended to level off 21 days after culture, irrespective of the fiber diameter.  The initial cell proliferation 
increased with the increasing fiber diameter and became significant large when the diameter was higher 
than 12 μm.  The non-woven fabrics with high porosity are superior to those with low porosity for cell 
proliferation.   
 
Bone formation of MSC on the non-woven fabrics prepared from fibers with various diameters 
 Figure 6-5 shows the ALP activity of MSC on the non-woven fabrics with various diameters 
and porosities after bone differentiation culture for 4 weeks.  Apparently, in any case, the ALP activity of 
cells cultured in the bone differentiation medium was significantly higher than in the normal medium.  
Irrespective of the fabric porosity, the ALP activity became maximum for the non-woven fabrics with a 
fiber diameter of 9.0 μm, while non-woven fabrics with the larger and smaller diameter showed lower ALP 
activity.  When the ALP activity was compared in the porosity of non-woven fabrics, the ALP activity of 
fabric with lower porosity was significantly higher than that of the higher porosity fabric.   
 Figure 6-6 shows the osteocalcin content of MSC on the non-woven fabrics with various fiber 
diameters and porosities after bone differentiation culture for 4 weeks.  The non-woven fabrics prepared 
from the fibers of 9 and 12 μm diameter exhibited high osteocalcin content compared with other 
non-woven fabrics, irrespective of the fabric porosity.  The osteocalcin content for fabrics with the lower 
porosity was high compared with that of fabrics with the higher porosity.  The cells cultured in the normal 
medium did not contribute to any increase in the osteocalcin content.   
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Figure 6-4. Time course of MSC growth in the non-woven fabrics prepared from the PET fiber with various 
diameters of 2.0 (○), 4.4 (□), 9.0 (△), 12.0 (●), 22.0 (■), and 42.0 μm (▲): low (A) or high 
porosity (B).  *p < 0.05; significant against the cell attached to the non-woven fabrics with the 
fiber diameter of 2.0 μm at the corresponding porosity.  †p < 0.05; significant against the cell 
attached to the non-woven fabrics with the fiber diameter of 4.4 μm at the corresponding porosity.  
‡p < 0.05; significant against the cell attached to the non-woven fabrics with the fiber diameter of 
9.0 μm at the corresponding porosity.  §p < 0.05; significant against the cell attached to the 
non-woven fabrics with the fiber diameter of 12.0 μm at the corresponding porosity.  ¶p < 0.05; 
significant against the cell attached to the non-woven fabrics with the fiber diameter of 22.0 μm at 
the corresponding porosity. 
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 Figure 6-5. ALP activity of MSC cultured in the non-woven fabrics prepared from the PET fiber 
with various diameters for 4 weeks in the normal (□,   ) and bone differentiation 
medium (   , ■): low (□,   ) and high porosity (  , ■).  
*p < 0.05; significant 
against the ALP activity of MSC cultured on the non-woven fabrics in the normal 
medium at the corresponding fiber diameter and porosity.  †p < 0.05; significant 
against the ALP activity of MSC cultured on the non-woven fabrics with high 
porosity in the bone differentiation medium.  ‡p < 0.05; significant against the ALP 
activity of MSC cultured on the non-woven fabrics with the fiber diameter of 9.0 μm 
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Figure 6-6. Osteocalcin contents of MSC cultured in the non-woven fabrics prepared from the 
PET fiber with various diameters for 4 weeks in the normal (□,   ) and bone 
differentiation medium (  , ■): low (□,   ) and high porosity (  , ■).  *p < 
0.05; significant against the ALP activity of MSC cultured on the non-woven fabrics 
in the normal medium at the corresponding fiber diameter and porosity.  †p < 0.05; 
significant against the ALP activity of MSC cultured on the non-woven fabrics with 
high porosity in the bone differentiation medium.  ‡p < 0.05; significant against the 
ALP activity of MSC cultured on the non-woven fabrics with the fiber diameter of 
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DISCUSSION 
 
This chapter demonstrates that the proliferation and differentiation in the PET non-woven 
fabrics are greatly influenced by the fiber diameter and porosity of fabrics.  Based on the concept of in 
vivo tissue engineering, the scaffold material should be bioabsorbed in harmonization with tissue 
regeneration.  However, the biodegradability of scaffold often makes it complicated to evaluate the 
cell-scaffold interaction.  Therefore, the PET non-woven fabric of non-biodegradability was used in this 
study.  Moreover, the porosity of non-woven fabrics could readily be changed by the thermal compression 
or homogeneous disentanglement.  As PET has a glass transition temperature at 80 °C, the shape and 
thickness of PET non-woven fabrics are easy to change at temperatures higher than the glass transition 
temperature.   
The number of MSC attached to the non-woven fabrics increased with the increasing fiber 
diameter (Figure 6-3).  This tendency can be explained in terms of the surface area for cells to attach.  As 
shown in Figure 6-2, the cells attached in a spherical shape to the non-woven fabrics with a fiber diameter 
of 2.0 μm.  The surface of fiber was too small to allow cells to completely attach to the fiber because the 
fiber diameter was smaller than the size of cells (about 10 μm).  Such unstable attachment will result in 
decreased number of cells attached.  It is likely that this unstable attachment affects the proliferation 
behavior of cells.  For the fabrics of larger diameter fiber, the cells would be able to use the empty surface 
of fibers to effectively proliferate.  Greater proliferation for the non-woven fabrics with high porosity than 
those that with low porosity can be explained in terms of pore space between the fibers of fabric.  The 
pore space is increased by increasing the porosity of non-woven fabrics.  When compared at a same 
porosity of fabrics, the pore space of non-woven fabrics prepared from larger fibers is larger.  It is possible 
that the larger space enables cells to proliferate better due to the larger space and better supply of oxygen 
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and nutrients.  The narrow space between fibers will suppress the cell proliferation.   
Both the ALP activity and osteocalcin content of MSC as bone differentiation markers depended 
on the porosity of non-woven fabrics and their fiber diameter (Figures 6-5 and 6-6).  Higher extent of 
differentiation may be due to the suppressed cell proliferation.  Ma et al. reported the effect of trophoblast 
differentiation on the non-woven fabrics with different porosities [34].  The differentiation depended on 
the cell morphology and the cell cycle.  The cell morphology, such as cell aggregates, was essential to 
differentiate and different by the porosity of the non-woven fabrics.  The other reports showed that there 
was a relation between the cell aggregation and the cell function [40, 41].  Goldstein et al. examined the 
proliferation and differentiation of osteoprogenitor cells seeded as a uniform dispersion or as a single dense 
cluster in the similar total number of cells [40].  Dense clustered cells demonstrated to significantly 
diminish their proliferation and collagen synthesis.  On the contrary, a significantly higher level of ALP 
activity and more mineralization were observed, whereas cells proliferated more in the dispersion state.  
These findings are similar to our results of the cell proliferation and differentiation.  In this chapter, the 
cell morphology and cell cycle may affect the extent of differentiation.  Both the ALP activity and 
osteocalcin content of non-woven fabrics were highest for the non-woven fabrics with the fiber diameters 
of 9.0-12.0 μm, irrespective of the porosity.  These results suggest that the differentiation extent of cells 
between the non-woven fabrics with different fiber diameters but a same porosity was dependent on the 
fiber diameter rather than the pore size.   
In conclusion, this chapter demonstrated that MSC could attach, proliferate, and differentiate on 
the PET non-woven fabrics with various diameters and porosities.  The fiber diameter and the spatial 
property affected the morphology, the attached number, the proliferation rate, and bone differentiation of 
cells.  These results will give fundamental information to design the scaffolds suitable to tissue 
engineering.   
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Osteogenic differentiation of MSC in biodegradable scaffolds  




 Large bone defects which are associated with reconstruction surgery of trauma, cancer, and total 
hip arthoplasties, have been clinically treated by bioceramics or autogenous and allogenous bone grafts.  
Although the autograft is always adapted to the surrounding host tissue for bone regeneration, it has some 
clinical problems to be resolved, such as the limited donor supply, the risk of infection, hemorrhage, and 
inadequate resorption rate during healing [1].  On the other hand, the allograft has some clinical 
disadvantages of histo-incompatibility and disease transfer.  As one trial to overcome the problems, bone 
tissue engineering has been attracted much attention and the basic idea is to regenerate the bone tissue by 
use of scaffold suitable for migration, proliferation, and differentiation of bone cells [2].   
Gelatin is a denatured collagen and commercially available as a biodegradable polymer.  It has 
been extensively utilized for pharmaceutical and medical purposes, and its biosafety has been proven 
through long clinical applications [3].  Other advantages of gelatin include the usability of materials with 
different charges and the easiness of chemical modification.  We have prepared biodegradable hydrogels 
from different types of gelatin for the controlled release of various growth factors and succeeded in tissue 
regeneration by the growth factor release [4].  On the other hand, some researches have demonstrated that 
the surface coating of substrates with gelatin enhances the attachment and proliferation of cells thereon 
[5-7].  These findings suggest that gelatin is one of the materials suitable to the substrate of cells.   
Bioactive calcium phosphates, such as hydroxyapatite (HAp) and β-tricalcium phosphate 
(β-TCP), have been intensively investigated as the cell scaffold for bone tissue engineering [8-17] because 
it is well recognized that they are compatible to natural bone tissue and osteoconductive.  However, the 
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HAp is not practically degraded under the physical condition and remains inside the bone tissue 
regenerated.  Therefore, as one trial to control the in vivo degradability, the HAp is combined with organic 
materials, such as collagen and glycolide-lactide copolymer.  It has been reported that the combination 
improves the degradation and mechanical properties for scaffolds [18-23].  Especially, the combined 
collagen and HAp has been extensively utilized for bone tissue engineering since the structure is similar to 
that of nature bone tissue.  On the other hand, β-TCP is advantageous from the viewpoint of 
biodegradability, but brittle compared with HAp.  Combination with organic materials has also been trial 
to overcome the drawback of material properties [22, 23].    
It is undoubtedly necessary for successful tissue regeneration to make use of cells constituting 
tissue to be regenerated, such as mature, progenitor, precursor, and stem cells.  Considering the 
proliferation and differentiation potential of cells, stem cells are practically promising.  Among them, 
mesenchymal stem cells (MSC) have been extensively investigated for the application of regenerative 
medicine because they can be clinically isolated from the bone marrow [24].  It is well recognized that 
MSC have an inherent potential to differentiate into the cell lineage of various types [25].  Many trials 
with MSC have been performed to induce in vitro or in vivo tissue regeneration by their combination with 
the scaffolds [2, 26-28].  The scaffold often affects the proliferation and differentiation of MSC.   
 The objective of this chapter is to evaluate the charactericities of gelatin scaffolds incorporating 
β-TCP (gelatin-β-TCP scaffolds) as the scaffold of MSC from the viewpoint of their mechanical property 
and osteoinductivity improvement by the β-TCP incorporation.  We also examine the effect of culture 





 A gelatin sample with an isoelectric point (IEP) of 9.0 was isolated from the porcine skin with 
acidic process (Nitta Gelatin Co., Osaka, Japan) and are here called basic gelatin, because of their electrical 
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feature.  ß-TCP granules (average diameter: 2.89 μm, surface area: 3.22 m2/g, density: 2.640, Ca/P=1.50, 
purity: 99.6 %) were obtained from Taihei Chemical Industries, Nara, Japan.  Other chemicals were 
obtained from Wako Pure Chemical Industries, Osaka, Japan and used without further purification.   
 
Preparation of gelatin scaffolds with or without ß-TCP 
 Gelatin scaffolds incorporating ß-TCP (gelatin-ß-TCP scaffolds) were prepared by chemical 
crosslinking of gelatin with glutaraldehyde in the presence of ß-TCP granules at different amounts (Table 
7-1).  Briefly, 4.29 wt% aqueous solution of gelatin at different contents of ß-TCP (70 ml) was mixed at 
5,000 rpm at 37 °C for 3 min by using a homogenizer (ED-12, Nihonseiki Co., Tokyo, Japan).  After 
addition of 2.17 wt% of glutaraldehyde aqueous solution (30 ml), the mixed solution was further mixed for 
15 sec by the homogenizer.  The resulting solution was cast into a polypropylene dish of 138×138 cm2 and 
5 mm depth, followed by leaving at 4 °C for 12 hr for gelatin crosslinking.  Then, the crosslinked gelatin 
hydrogels with or without ß-TCP were placed into 100 mM of aqueous glycine solution at 37 °C for 1 hr to 
block the residual aldehyde groups of glutaraldehyde.  Following complete washing with double distilled 
water (DDW), the hydrogels were freeze-dried and cut into cubes of 5×5×5 mm3.  The average pore size 
and porosity of scaffold were measured by the methods reported previously (Table 7-1) [29, 30].   
 
Mechanical test 
The compression modulus of gelatin-β-TCP scaffolds was measured by a mechanical apparatus 
(AG-5000B, Shimadzu, Kyoto, Japan) at a rate of 1 mm/min.  The load-deformation curve was obtained 
and the compression modulus of freeze-dried sample was calculated from the initial slope of 
load-deformation curve.  Measurement was done five times for each sample to calculate the average value 
± the standard deviation of the mean.   
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Table 7-1.  Characterization of gelatin scaffolds incorporating various amounts 






Pore size (µm) Porosity (%) 
 
 96.6 0.27 ± 0.01 184.9 ± 58.2  0 
 96.2 0.52 ± 0.14 198.2 ± 52.3 25 
 95.9 1.13 ± 0.13 179.1 ± 27.8 50 
 95.4 2.60 ± 0.32 185.5 ± 62.4 75 
 95.1 4.97 ± 0.73 178.2 ± 50.0 90 
 
 
MSC isolation and culture 
 Mesenchymal stem cells (MSC) were isolated from the bone shaft of femurs of 3-week-old male 
Fisher 344 rats according to the technique reported by Lennon et al. [31].  Briefly, both the ends of rat 
femurs were cut away from the epiphysis and the bone marrow was flushed out by a syringe (21-gauge 
needle) with 1 ml of Dulbecco’s modified Eagle Minimal Essential medium (DMEM) supplemented with 
15 % fetal calf serum (FCS) and 50 U/ml penicillin-streptomycin.  The cell suspension (5 ml) was placed 
into two T-25 flasks (IWAKI Glass Co. Ltd., Chiba, Japan).  The medium was changed on the 4th day of 
culture and every 3 days thereafter.  When the cells proliferated became subconfluent, usually for 7-10 
days, the cells were detached by treatment for 5 min at 37 °C with 100 mM of phosphate-buffered saline 
solution (PBS, pH 7.4) containing 0.25 wt% of trypsin and 0.02 wt% of Ethylenediaminetetraacetic acid 
(EDTA).  The cells were subcultured at a density of 2×104 cells/cm2 and cells of the second-passage at 
sub-confluence were used for all the experiments.   
 
Cell seeding into gelatin-β-TCP scaffolds 
 MSC were seeded into the gelatin-β-TCP scaffolds by an agitated seeding method because it is 
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demonstrated that the method was effective in seeding cells homogeneously throughout 3-dimensional 
porous scaffolds [32, 33].  Briefly, 500 μl of cell suspension (2×106 cells/ml) and the scaffold were placed 
in 5-ml tubes with 12 mm of inner diameter (2236-012, IWAKI Glass Co. Ltd., Chiba, Japan) and agitated 
on an orbital shaker (ORBITAL SHAKER, Bellco Glass, Inc.) at 300 rpm for 6 hr.  The scaffolds 
homogeneously seeded with MSC were thoroughly washed with PBS to exclude non-adherent cells.  The 
cell-seeded scaffolds were used for cell culture by a static or stirring method.   
 
Cell culture of cell-seeded gelatin-β-TCP scaffolds 
The cell-seeded gelatin-β-TCP scaffolds were cultured in a tissue culture plate (static culture 
method), or spinner flask (stirring culture method).  For the static culture, the cell-seeded scaffolds were 
placed into 12 well multi-well tissue culture plates (3815-012, IWAKI Glass Co. Ltd., Chiba, Japan).  The 
scaffold was incubated in DMEM supplemented with 15 % FCS, 10 nM dexamethasone, 50 μg/ml ascorbic 
acid, and 10 mM β-glycerophosphate (osteogenic differentiation medium) at 37 °C in a 5 % CO2-95 % air 
atomsphere.  For the stirring culture, six of the cell-seeded scaffolds were spired by one needle and 
immobilized in the spinner flasks (1965-00100, Bellco Glass, Inc.).  The spinner flask was filled with 150 
ml of osteogenic differentiation medium and the stirring rate was 50 rpm.  For both the methods, cell 
culture was performed with the medium change of every 3 days.  Change in the volume of gelatin 
scaffolds with or without β-TCP incorporation was determined by measuring the dimension of scaffolds on 
a micrometer (500-444, Mitutoyo, Kanagawa, Japan) during cell culture.  The number of scaffolds used 
for each experimental group was 3 and measurement was performed 3 times independently.   
 
SEM observation of cell-seeded gelatin-β-TCP scaffolds 
 The gelatin scaffolds seeded with cells were fixed with 2.5 wt% glutaraldehyde solution in PBS.  
After PBS rinsing and the subsequent dehydration with ethanol aqueous solutions at DDW/ethanol ratios of 
70/30, 50/50, 30/70, 20/80, 10/90, and 0/100, the dehydrated samples were immersed in t-butanol and dried 
on a critical point dryer (ES-2030, Hitachi, Japan).  After sputter coating with gold/palladium, the samples 
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were viewed on a scanning electron microscope (SEM, S2380N, Hitachi, Japan). 
 
DNA assay 
 The number of MSC attached to the gelatin-β-TCP scaffolds was determined by the fluorometric 
quantification of cellular DNA according to the method reported by Rao et al. [34].  Briefly, the 
cell-seeded scaffolds were washed with PBS and stored at –30 °C until assay.  After thawing, the samples 
were lysed in 30 mM sodium citrate-buffered saline solution (SSC) (pH 7.4) containing 0.2 mg/ml sodium 
dodecylsulfate (SDS) at 37 °C for 12 hr with occasional mixing.  The cell lysate (100 μl) was mixed with 
the SSC buffer (400 μl) in a glass tube.  After mixing with a dye solution (500 μl; 30 mM SSC, 1 μg/ml 
Hoechst 33258 dye), the fluorescent intensity of mixed solution was measured in a fluorescence 
spectrometer (F-2000, Hitachi, Japan) at the excitation and emission wavelengths of 355 and 460 nm, 
respectively.  The calibration curve between the DNA and cell number was prepared by use of cells of 
known numbers.  The DNA assay was done 3 times independently for every experimental sample unless 
otherwise mentioned.   
 
Biochemical and histological evaluations of cell seeded gelatin-β-TCP scaffolds 
The cell lysates prepared by the similar procedure described above, were centrifuged at 12,000 
rpm and 4 °C for 15 min and the ALP activity of supernatant obtained was determined by a 
p-nitrophenylphosphate method [35].   
To determine the osteocalcin content of cells, the cells cultured were mixed in 1 ml of 40 % 
formic acid for 12 hr to decalcify by using a mixer (MIX-101, IWAKI Glass Co. Ltd., Chiba, Japan).  
After decalcified samples were centrifuged at 10,000 rpm, the supernatant contained the cell extraction was 
applied to the gel filtration of SephadexTM G-25 column (PD-10, Amersham Pharmacia biotech AB, 
Sweden).  The resulting solution was freeze-dried and subjected to an osteocalcin rat enzyme-linked 
immunosorbent assay (ELISA) (rat osteocalcin ELISA system, Amersham Biosciences, Tokyo, Japan). 
 The gelatin-β-TCP scaffolds were fixed in 10 wt% neutral-buffered formalin solution and 
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similarly dehydrated, immersed in xylene, and embedded in paraffin.  The samples were sectioned at 4 μm 
thickness and stained by hematoxylin and eosin (HE) to histologically view on a optical microscopy 
(AX-80, Olympus, Japan).   
 
Statistical analysis 
 All the data were analyzed by Fisher’s LSD test for multiple comparison and the statistical 
significance was accepted at p < 0.05.  Experimental results were expressed as the means ± the standard 




Characterization of gelatin-β-TCP scaffolds 
 Figure 7-1 shows the scanning electron micrographs of gelatin scaffolds with or without β-TCP 
incorporation.  Irrespective of the β-TCP amount, the similar intra-structure of scaffolds was observed, 
while β-TCP granules were homogeneously localized in the gelatin walls of the scaffolds.  Every scaffold 
had an interconnected porous structure with the pore size range of 180-200 μm and the porosity around 
96 %.  The compression modulus of scaffolds increased with an increase in the amount of β-TCP 
incorporated (Table 7-1).   
 
Attachment and proliferation of MSC in gelatin-β-TCP scaffolds 
 Figure 7-2 shows the scanning electron micrographs of gelatin scaffolds incorporating different 
amounts of β-TCP 6 hr after MSC seeding.  The cells attached to all the types of scaffolds at a similar 
number, while they were uniformly distributed throughout the scaffolds.  The morphology of cells 
attached depended on the scaffold type.  The cells attached showed flatter morphology with an increase in 
the β-TCP amount.  For the gelatin scaffold without β-TCP, the shape of MSC attached was spherical.   
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Figure 7-3 shows the proliferation profiles of MSC in the gelatin-β-TCP scaffolds by the static or 
stirring culture method.  MSC proliferated in every scaffold, although the profile depended on the β-TCP 
amount and culture method.  For the static culture, the rate of MSC proliferation increased with the 
increased β-TCP amount and became significant large when the β-TCP amount was 75 or 90 wt%.  On the 
other hands, MSC proliferation for the initial 1 week was fast by the stirring method compared with that by 
the static method, although it tended to level off thereafter.  The initial proliferation rate was significantly 
large for the scaffold incorporating 75 or 90 wt% of β-TCP.   
 
Volume change of gelatin-β-TCP scaffolds during culture 
 Figure 7-4 shows the volume change of gelatin-β-TCP scaffolds during the static and stirring 
cultures.  The scaffold volume changed with culture, although the time profile depended on the β-TCP 
amount and culture method.  For both the culture methods, volume of every scaffold decreased for the 
initial 1 week.  The decreased extent of volume increased with a decrease in the β-TCP amount and the 
volume decrease was significantly large when the β-TCP amount of scaffolds was lower than 75 wt%.  
The gelatin scaffold incorporating 90 wt% of β-TCP maintained about 95 % of their initial volume even 
after 4 weeks culture.  No difference in the time profile of scaffolds volume change between the static and 
stirring methods was observed.   
 
Cell density of MSC cultured in gelatin-β-TCP scaffolds 
 Figure 7-5 shows the time course of MSC density cultured in gelatin-β-TCP scaffolds by the 
static and stirring methods.  The cell density increased with culture time although the time profile 
depended on the β-TCP amounts and culture method.  For the static culture, when compared at a same 
culture time, the cell density increased with decreased β-TCP amount and became significant for the gelatin 
sponges incorporating 75 and 90 wt% of β-TCP.  For the stirring culture, cell density in every scaffold 
increased for the initial 1 week after culture and became significant for the gelatin scaffold incorporating 75 
and 90 wt% of β-TCP 3 and 4 weeks after culture.   
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Incubation time (week) 
 Figure 7-3. Time course of MSC proliferation in the gelatin scaffolds incorporating 0 (○), 25 
(△), 50 (□), 75 (●), 90 wt% (▲) of β-TCP by the static (A) or stirring culture 
method (B).  *p < 0.05; significant against the cell attached to the gelatin scaffold 
incorporating 0 wt% of β-TCP.  †p < 0.05; significant against the cell attached to 
the gelatin scaffolds combined with 25 wt% of β-TCP.  ‡p < 0.05; significant 
against the cell attached to the gelatin scaffolds combined with 50 wt% of β-TCP.  
§p < 0.05; significant against the cell attached to the gelatin scaffolds combined 
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Incubation time (week) 
 Figure 7-4. Time course of the volume change of gelatin scaffolds incorporating 0 (○), 25 
(△), 50 (□), 75 (●), 90 wt% (▲) of β-TCP during the culture with MSC by the 
static (A) or stirring culture method (B).  *p < 0.05; significant against the cell 
attached to the gelatin scaffold incorporating 0 wt% of β-TCP.  †p < 0.05; 
significant against the cell attached to the gelatin scaffolds combined with 25 wt% 
of β-TCP.  ‡p < 0.05; significant against the cell attached to the gelatin scaffolds 
combined with 50 wt% of β-TCP.  §p < 0.05; significant against the cell attached 
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Incubation time (week) 
 Figure 7-5. Time course of the volume change of gelatin scaffolds incorporating 0 (○), 25 
(△), 50 (□), 75 (●), 90 wt% (▲) of β-TCP during the culture with MSC by the 
static (A) or stirring culture method (B).  *p < 0.05; significant against the cell 
attached to the gelatin scaffold incorporating 0 wt% of β-TCP.  †p < 0.05; 
significant against the cell attached to the gelatin scaffolds combined with 25 wt% 
of β-TCP.  ‡p < 0.05; significant against the cell attached to the gelatin scaffolds 
combined with 50 wt% of β-TCP.  §p < 0.05; significant against the cell attached 
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Osteogenic differentiation of MSC cultured in gelatin-β-TCP scaffolds 
 Figure 7-6 (A) shows the ALP activity of MSC cultured in gelatin-β-TCP scaffolds 2 weeks after 
the static and stirring methods.  When MSC were cultured by the stirring method, the ALP activity of cells 
was significantly large compared with that of the static method and became maximum for the scaffold 
incorporating 50 wt% of β-TCP, while the scaffolds with the larger and smaller amounts of β-TCP showed 
lower ALP activity.  On the contrary, for the static culture, no effect of the β-TCP amount on the ALP 
activity was observed.   
 Figure 7-6 (B) shows the osteocalcin content of MSC cultured in gelatin scaffold incorporating 
β-TCP 4 weeks after the static and stirring methods.  The gelatin scaffold incorporating 50 wt% of β-TCP 
exhibited high osteocalcin content compared with other scaffolds, irrespective of the culture method.  The 
osteocalcin content of MSC cultured in the scaffolds incorporating 25-75 wt% of β-TCP cultured by the 
stirring method was high compared with that by the static method.   
 
Histological observation of gelatin-β-TCP scaffolds after the static or stirring culture 
 Figure 7-7 shows the histological cross-sections of gelatin scaffolds containing 50 wt% of β-TCP 
4 weeks after the static or stirring culture.  As shown in the full cross-section of sponges (Figures 7-7 (A) 
and (C)), bone formation was observed in the peripheral part of scaffold, irrespective of the culture method.  
MSC were homogeneously distributed and proliferated in the inner portion of scaffold, although new bone 
was not formed.  Significant bone formation was observed at the peripheral portion of gelatin scaffold 
cultured by the stirring method compared that of the static method.   
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 β-TCP content (wt%) 
 Figure 7-6. ALP activity (A) and osteocalcin content (B) of MSC in gelatin scaffolds 
incorporating various amounts of β-TCP 2 and 4 weeks after the culture in the 
osteogenic differentiation medium by the static (□) or stirring method (  ).  *p < 
0.05; significant against the ALP activity or osteocalcin content of MSC cultured by 
the static method at the corresponding β-TCP content.  †p < 0.05; significant 
against the ALP activity or osteocalcin content of MSC in the gelatin scaffold 
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MSC differentiation in gelatin-β-TCP scaffolds 
DISCUSSION 
 
This chapter demonstrates that the proliferation and differentiation of MSC in the gelatin-β-TCP 
scaffolds are greatly influenced by the β-TCP amount and culture method.  In our previous studies, gelatin 
has been formulated into the hydrogel of disk, sheet, and microsphere shapes for the release carrier of 
growth factors [36-38].  They do not have any pore structures necessary for migration, proliferation, and 
differentiation of cells.  It has been recognized that gelatin functions as a substrates for cell adhesion and 
proliferation [39].  Therefore, the sponge formulation with a pore structure was tried to prepare from 
gelatin by homogenization of the aqueous solution.  This homogenization process has been reported to 
prepare a synthetic dermal substitute of collagen [40].  The pore size was adjusted at 180-200 μm since 
the pore size range is suitable for infiltlation of fibroblastic cells into sponge scaffolds, although it can be 
regulated by the homogenization conditions [41, 42].  As a result, the gelatin sponge obtained functions as 
a cell scaffold, in addition of the release carrier for the growth factor.  For the scaffold preparation, β-TCP 
which has been extensively explored as one osteogenic substrate was combined.  β-TCP incorporation 
enabled the gelatin scaffold to increase the compression modulus without any change in the pore structure.  
The compression modulus of scaffolds increased with the increased β-TCP amount (Table 7-1).  The 
scaffold of sponge shape has been used for cell scaffold from the viewpoint of superior property of cell 
infiltlation.  However, the compression modulus is not strong enough for every application to cell scaffold.  
In clinical cases, porous HAp and β-TCP are often used because of their inherent osteogenic property 
[8-17].  However, the bioceramics have some disadvantages, such as poor biodegradability and brittle 
nature.  It is also difficult to change the shape of materials during the operation to apply them to different 
sites.  Combination of bioceramics with gelatin is one of the effective strategies to overcome the 
disadvantages.  Incorporation of biodegradable β-TCP granules gave an osteogenic property as well as 
enhanced resistance to compression to the gelatin sponge without harming the cell compatibility and 
degradability.   
When MSC were cultured in the gelatin-β-TCP scaffolds, the number of MSC proliferated in 
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the scaffolds increased with an increase in the amount of β-TCP (Figure 7-3).  This can be explained in 
terms of pore space in the scaffolds.  As shown in Figure 7-4, the scaffolds deformed with culture time 
period, although their initial porosity was similar among the scaffolds with different amounts of β-TCP.  
The deformed extent became smaller for the gelatin scaffold with higher amount of β-TCP incorporated.  
It is highly conceivable that cells are proliferated in the scaffold with the smaller extent of deformation 
since there is enough space in the scaffold for cell proliferation.  The morphology of cells attached to the 
sponges also depended on the β-TCP amount and the cell shape became flatter with an increase in the 
β-TCP amount (Figure 7-2).  Incorporation of β-TCP would enhance the compatibility of MSC.  This 
enhanced compatibility may also contribute to enhancement of cells proliferation.  MSC proliferated fast 
for the initial 1 week by the stirring culture compared with the static culture.  The number of cells became 
higher in the scaffolds incorporating 75 and 90 wt% of β-TCP with the stirring culture.  This result is due 
to the improvement of nutrient supply to MSC, in addition of the larger pore space necessary for cell 
proliferation.  The number of cells proliferated by the stirring culture leveled off for the initial 1 week, 
irrespective of the β-TCP amounts, which is similar to the time profile of sponge deformation (Figure 7-4).  
This indicates that cell proliferation by the stirring culture was governed by the pore space of scaffolds.  
On the contrary, in the static culture, MSC gradually proliferated in the scaffold and did not reach to the 
confluent number even 4 weeks after culture, although the extent of scaffold deformation was similar for 
both the culture methods.  The difference between the two culture methods is the efficiency of oxygen and 
nutrients supply to cells because the culture medium is circulated in the stirring culture.  Taken together, it 
is likely that cell proliferation in the scaffold was influenced by the oxygen and nutrient supply more 
strongly.  It is reported that the stirring and perfusion cultures enhance mass transfer in the culture 
medium, and positively function cell proliferation in addition to hydrodynamic or mechanical stimulation 
to cells [43, 44].  Mechanical strain and fluid shear stress stimulated cells to product prostaglandins, 
alkaline phosphatase and collagen type I, while they increased the osteoblast proliferation and 
mineralization [45].  It is conceivable that these phenomena reported may cause enhanced MSC 
proliferation.   
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The ALP activity and osteocalcin content of MSC as osteogenic differentiation markers were the 
highest for the gelatin sponge incorporating 50 wt% of β-TCP 2 and 4 weeks after the stirring culture 
(Figure 7-6).  The osteogenic differentiation of MSC was affected by both the culture method and 
gelatin/β-TCP composition of scaffolds.  The difference in the osteogenic differentiation between the 
static and stirring culture methods may be explained from the viewpoint of hydrodynamic or mechanical 
stimulation as described above.  Various properties of sponges which may affect the cell proliferation, 
change with the gelatin/β-TCP composition of the scaffolds.  Firstly, the cell density became higher with 
the decreased β-TCP amount.  Goldstein et al. reported that dense cluster cells derived from the bone 
marrow showed to significantly enhance the differentiation activity compared with dispersed cells [46].  It 
is possible that the higher cell density promotes the osteogenic differentiation of MSC.  We prepared 
gelatin scaffolds incorporating other ceramics granules with the same size, such as HA, α-TCP, and 
alumina, at different mixing ratios of gelatin and β-TCP.  When MSC were cultured in the scaffolds, the 
gelatin scaffold incorporating β-TCP exhibited the highest ALP activity among them, although the cell 
density of all the scaffolds was same (unpublished data).  This finding suggests that β-TCP itself functions 
to enhance the osteogenic differentiation of MSC.  Therefore, it is likely that the extent of MSC 
differentiation became higher with the increased amounts of β-TCP.  On the other hand, the cell 
compatibility to the sponge surface became better with an increase in the β-TCP amount (Figure 7-2).  
This phenomenon suggests that the β-TCP presence had a biological influence on MSC.  Taken together, it 
is possible that the balance between the cell density of scaffold and the β-TCP action to cells contributes to 
the extent of MSC differentiation in the scaffold, resulting in the strongest osteogenic differentiation for the 
gelatin scaffold incorporating 50 wt% of β-TCP.   
Simple foaming of gelatin solution permitted the gelatin scaffold of sponge structure not only to 
facilitate in vitro cell seeding and the in vivo infiltration of cells from the surroundings, but also to function 
as the release carrier for growth factor.  The release profile of BMP-2 could be readily changed by altering 
the crosslinking extent in sponge preparation, while it greatly contributes to the BMP-2-induced bone 
formation [47].  This sponge system is also applicable to the controlled release of other growth factors, 
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while different combinations of cells and growth factors are being planned in future.   
In conclusion, gelatin-β-TCP scaffolds with an average pore size of 180-200 μm were fabricated.  
MSC attached, proliferated, and differentiated in the sponges, although the morphology and number of 
MSC attached or the osteogenic differentiation of MSC depended on the β-TCP composition of scaffolds 
and the culture method.  These results will give fundamental information to design the scaffolds suitable 
to bone tissue engineering.   
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Bone regeneration at an X-ray irradiated ulna defect of rabbits 
by biodegradable scaffolds of gelatin and ß-TCP enabling bone 




 After a large bone is surgically resected for tumor, X-ray irradiation for the surrounding tissue is 
often performed to prevent the recurrence and metastases of tumor.  This tissue irradiation is effective for 
the surgical treatment of cancer.  Although this irradiation treatment brings about good, it is reported that 
X-ray irradiation eventually induces osteoradionecrosis, such as the suppression of neovascularization, cell 
proliferation, collagen synthesis, and alkaline phosphatase activity [1, 2].  Consequently, bone healing at 
the site of tumor resection is often impaired.  From the clinical viewpoint, such an impaired healing is a 
serious problem to be resolved [3].  Therefore, it is practically necessary to develop a technology to 
induce bone regeneration even under unhealthy conditions X-ray irradiated.   
 Bone tissue engineering has been attracted much attention as a new therapeutic technology to 
induce the tissue regeneration at the large bone defect, while it may substitute for the conventional 
autograft or allograft treatment [4, 5].  Bone regeneration has been achieved by making use of 
osteoinductive growth factors, osteogenic cells, and the scaffolds or their combination.  It has been 
demonstrated that a combination of the scaffold with cells or an osteoinductive growth factor provides an 
appropriate environment for osteoinductivity [6, 7].   
 As scaffolds for bone regeneration, bioactive calcium phosphates, such as hydroxyapatite (HAp) 
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and ß-tricalcium phosphate (ß-TCP), have been intensively investigated because it is well recognized that 
they are compatible to the natural bone tissue and osteoconductive [8, 9].  However, bioactive calcium 
phosphate itself is of brittle nature and low biodegradability.  As one trial to tackle these problems, we 
have prepared biodegradable scaffolds from gelatin and ß-TCP (gelatin-ß-TCP scaffolds), and investigated 
their feasibility in the scaffold for bone regeneration in vitro.  The attachment, proliferation, and 
osteogenic differentiation of mesenchymal stem cells (MSC) were observed although the extent was 
influenced by the composition of gelatin and ß-TCP in scaffold [11].  Among osteoinductive growth 
factors, bone morphogenetic protein (BMP) has been applied to induce bone regeneration at the critical 
defect as large as impossible to naturally repair [12-14].  However, BMP administrated in the solution 
form does not always expect the therapeutic efficacy in bone regeneration because of the in vivo short 
half-life.  The gelatin-ß-TCP scaffolds could release BMP-2 in a controlled fashion, and the controlled 
release of BMP-2 induced in vivo bone regeneration at a bone defect [15] and ectopic bone formation [10].  
These findings indicate that the gelatin-ß-TCP scaffolds can function not only as a cell scaffold for MSC, 
but also as the release carrier of BMP-2.  However, to evaluate the osteogenic activity of the scaffold, 
normal animals were used in healthy conditions.  From the clinical viewpoint, it is necessary to 
experimentally confirm whether or not the gelatin-β-TCP scaffold can function well to induce bone 
regeneration even in an unhealthy condition.   
The objective of this study is to evaluate the feasibility of the gelatin-ß-TCP scaffold as the 
scaffold to enhance bone regeneration at a segmental ulna defect of rabbits X-ray irradiated.  The 
gelatin-ß-TCP scaffold incorporating BMP-2 for the controlled release with or without the combination of 
autologous bone marrow was implanted into the ulna defect and the bone regeneration activity at the defect 
was assessed in terms of the histological and computed tomographic examinations.   
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A gelatin sample with an isoelectric point (IEP) of 9.0, isolated from the porcine skin with an 
acidic process, was kindly supplied from Nitta Gelatin Co., Osaka, Japan.  ß-Tricalcium phosphate 
(ß-TCP) granules (the average diameter = 2.89 μm, the surface area = 3.22 m2/g, the density = 2.640 g/cm3, 
the Ca/P=1.50, the purity = 99.6 %) were obtained from Taihei Chemical Industries, Nara, Japan.  Other 
chemicals were purchased from Wako Pure Chemical Industries, Osaka, Japan and used without further 
purification.   
 
Scaffolds 
Gelatin scaffolds incorporating ß-TCP (gelatin-ß-TCP scaffolds) were prepared by chemical 
crosslinking of gelatin with glutaraldehyde in the presence of ß-TCP according to the previous study [10].  
When mesenchymal stem cells (MSC) were cultured in the gelatin-ß-TCP scaffolds with an average pore 
size of 180-200 μm, both the ALP activity and osteocalcin content became maximum for the scaffold with a 
ß-TCP amount of 50 wt% [11].  Based on the data, the gelatin scaffold incorporating 50 wt% of β-TCP 
was used in this study.  Briefly, 4.29 wt% aqueous solution of gelatin containing the same amount of 
ß-TCP granules (70 ml) was mixed at 5,000 rpm at 37 °C for 3 min by using a homogenizer (ED-12, 
Nihonseiki Co., Tokyo, Japan).  After addition of 2.17 wt% of glutaraldehyde aqueous solution (30 ml), 
the mixed solution was further mixed for 15 sec by the homogenizer.  The resulting solution was cast into 
a polypropylene dish of 138×138 cm2 and 5 mm depth, followed by leaving at 4 °C for 12 hr for gelatin 
crosslinking.  Then, the crosslinked gelatin hydrogels with ß-TCP granules homogeneously dispersed 
were placed into 100 mM of aqueous glycine solution at 37 °C for 1 hr to block the residual aldehyde 
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groups of glutaraldehyde.  Following complete washing with double distilled water (DDW), the hydrogels 
were freeze-dried and cut into a square disk shape (20×5×5 mm3).  When measured by the methods 
reported previously [16, 17], the average pore size and porosity of scaffolds were 180 μm and 95.9 %, 
respectively.   
 
Preparation of gelatin-β-TCP scaffolds incorporating BMP-2 with or without bone marrow combination 
To prepare gelatin-β-TCP scaffolds incorporating BMP-2, 170 μl of phosphate-buffered saline 
solution (PBS, pH 7.5) containing 17 μg of BMP-2 was dropped onto one freeze-dried scaffold, followed 
by leaving it at 4 °C overnight to allow to swell the scaffold by the solution.  The resulting scaffold was 
used without washing as the gelatin-β-TCP scaffold incorporating BMP-2.  Similarly, 170 μl of 
BMP-2-free PBS was impregnated into one gelatin-β-TCP scaffold to obtain the BMP-2-free, empty 
gelatin-β-TCP scaffold. 
 To combine the gelatin-β-TCP scaffold incorporating BMP-2 prepared with autologous bone 
marrow of rabbits, skeletally mature New Zealand white rabbits (20-week age, male, 3.5 kg, Shimizu 
Laboratory, Supply Inc., Japan) were used.  A 2 cm-length supermedial incision of the rabbits which will 
be used to prepare a segmental bone defect for bone evaluation was made, and the tissue overlying the 
diaphysis of the tibia was dissected under anesthetization with xylazine (5 mg/kg) and ketamine (25 mg/kg).  
A hole of approximately 2 mm in a diameter was made by an electric drill at supermedial port of tibia, and 
the bone marrow was aspirated with a syringe with an 18-gauge needle.  Then, the bone marrow aspirate 
(500 μl) was carefully inoculated into the gelatin-ß-TCP scaffold incorporating BMP-2 as homogeneously 
as possible, followed by leaving it for 1 hr to obtain the gelatin-β-TCP scaffold incorporating BMP-2 
combined with autologous bone marrow.   
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Surgical procedure to evaluate bone regeneration at the ulna defect of rabbits with or without X-ray 
irradiation 
 In vivo bone regeneration experiment was performed by use of a segmental ulna defect model of 
rabbits according to the surgical procedure previously reported [18] under the Institutional Guidelines of 
Kyoto University on Animal Experimentation.  The right forelimb of rabbits was X-ray irradiated and the 
contralateral left one was not irradiated.  Briefly, X-ray irradiation was carried out to the right ulna, radius, 
and the surrounding soft tissues using an X-ray source (MI-201, Shimadzu, Kyoto, Japan) at 250 kVP and 
16 mA with a 0.5-mm Cu filter at a dose of 5 Gy/fraction over an 8-week period (the total dose = 40 Gy) 
under the same anesthetization conditions described above.  Following the rabbits irradiated were 
carefully observed for one month after the last irradiation in terms of skin ulcerization and health 
conditions, a 4 cm-length supermedial incision was made and the tissue overlying the radius diaphysis was 
dissected under anesthetization.  A segmental defect (20 mm length) was prepared in the radius with a 
surgical oscillating saw supplemented by copious sterile saline water irrigation.  The experimental 
samples applied to the ulna defects of rabbits with and without X-ray irradiation were the gelatin-ß-TCP 
scaffold incorporating 17 μg of BMP-2 (BMP), the gelatin-ß-TCP scaffold incorporating 17 μg of BMP-2 
with 500 μl of autologous bone marrow harvested from the tibia (BMP-BM), and the BMP-2-free, empty 
gelatin-ß-TCP scaffold (control) as shown in Table 8-1.  Fixation of the ostectomized bone was not 
necessary due to the fibro-osseous union between the ulna and radius located distal and proximal to the 
surgical site.  The soft tissue was approximated with interrupted 4-0 VicrylTM (Ethicon Inc., Somerville, 
NJ) and the skin was closed with 3-0 silk sutures.  At 6 weeks postoperatively, all the animals were killed 
by the overdose administration of anesthetic agents.  The radius-ulna complex containing the defect was 
taken out, fixed in 10 wt% neutral phosphate-buffered formalin solution to assess bone regeneration.   
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Table 8-1. Overall experimental design for in vivo evaluation of the bone regeneration 
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Assessment of bone regeneration 
Bone regeneration at the ulna defect was assessed by micro computed tomography (μCT), 
peripheral quantitative computed tomography (pQCT), and histological examinations.  The 
three-dimensinal images of bone regeneration were visualized by μCT (SMX-100T, Shimadzu, Kyoto, 
Japan) at 32 kVP and 35 μA with a resolution of 58.7 μm.   
The total bone mineral content (BMC) of each bone defect was measured by using pQCT (XCT 
Research SA+, Stratec Medizintechnik, GmbH, Birkenfeld, Germany) scanning at 80×80×460 μm voxel 
sizes.  This instrument was calibrated with a phantom of known mineral content according to the 
manufacture’s instruction.   
Bone specimens were placed into 10 % neutral phosphate-buffered formalin solution, 
decalcified with 10 % formic acid, and processed for the paraffin embedding.  The histological sections of 
3 μm in thickness were prepared and stained with hematoxylin and eosin to view by a light microscopy 
(AX-80T, Olympus, Tokyo, Japan).   
- 174 - 
Bone regeneration at an X-ray irradiated bone defect 
 
Statistical Analysis 
 All the data were statistically analyzed using Fisher’s least significant difference test for 
multiple comparisons and statistical significance was accepted to be less than 0.05.  The experimental 





μCT measurement of rabbit ulna defects 
Figure 8-1 shows the μCT images of rabbit ulna defects with or without X-ray irradiation 6 
weeks after different applications of gelatin-ß-TCP scaffolds.  Irrespective of X-ray irradiation, bone 
regeneration at the defect was detected for the BMP-BM group, and the osseous bridging from the proximal 
to the distal host tissue was also detected (Figures 8-1I - 1L).  The BMP group induced bone regeneration 
throughout the whole area of ulna defect in the non-irradiation case and the ossess bridging was observed 
(Figures 8-1E and 1F), while the bone regeneration was suppressed by X-ray irradiation (Figures 8-1G and 
1H).  On the contrary, no bone regeneration was observed at the bone defect both X-ray irradiated and 
non-irradiated for the control group (Figures 8-1A - 1D).   
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Histological evaluation 
 Figure 8-2 shows the histological sections of rabbit ulna defects 6 weeks after different 
applications of gelatin-ß-TCP scaffolds.  The BMP-BM group exhibited new bone regeneration at the ulna 
defect and osseous bridging between the proximal and distal host bone tissue, irrespective of X-ray 
irradiation treatment (Figures 8-2E and 2F).  Especially, regeneration of cortex-like bone was found at the 
peripheral area of the ulna bone for the BMP-BM group.  New bone regeneration was found throughout 
the whole area of ulna defect without X-ray irradiation for the BMP group (Figure 8-2C), while the ulna 
defect following X-ray irradiation was occupied by both the regenerated bone and infiltrated soft 
connective tissues, and osseous bridging between the proximal and distal host bone tissue was not observed 
(Figure 8-2D).  On the contrary, when the ulna defect was applied with the empty gelatin-ß-TCP scaffold 
(control group), insignificant bone regeneration was observed, and soft connective tissues were infiltrated 
into the defect, irrespective of X-ray irradiation treatment (Figures 8-2A and 2B).  The gelatin-ß-TCP 
scaffolds did not degrade and remained at the ulna defect in control group 6 weeks after application.   
 
Mineral deposition at the ulna defect of rabbits 
 Figure 8-3 shows the total bone mineral contents (BMC) at the ulna defect of rabbits with or 
without X-ray irradiation 6 weeks after different applications of gelatin-ß-TCP scaffolds.  The BMC 
values in both the control and BMP groups at the ulna defect with X-ray irradiation were significantly 
lower than those of the non-irradiated normal animal.  The BMP enhanced the BMC values to a 
significantly higher extent than the control group, irrespective of X-ray irradiation.  The BMC values at 
the ulna defect without X-ray irradiation for the BMP group was the same level as those of the BMP-BM 
group, whereas the BMC values at the ulna defect X-ray irradiated was significantly lower than those of 
BMP-BM group and the intact bone.  The BMP-BM enhanced the BMC values similar to that of the intact 
bone, irrespective of X-ray irradiation.   


























Figure 8-2. Histological sections of rabbit ulna defects with (B, D, and F) and without X-ray irradiation 
(A, C, and E) 6 weeks after application of empty gelatin-ß-TCP scaffolds (control) (A and B), 
gelatin-ß-TCP scaffolds incorporating BMP-2 (BMP) (C and D), and gelatin-ß-TCP scaffolds 
incorporating BMP-2 plus bone marrow (BMP-BM) (E and F).  Triangle indicates the 
interface between the defect and the host bone.  Every bar corresponds to 1 mm length.   
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Figure 8-3. Bone mineral content (BMC) at rabbit ulna defects with (  ) and without X-ray 
irradiation (□) 6 weeks after application of empty gelatin-ß-TCP scaffolds (control), 
gelatin-ß-TCP scaffolds incorporating BMP-2 (BMP), and gelatin-ß-TCP scaffolds 
incorporating BMP-2 plus bone marrow (BMP-BM).  (■) indicates the BMC of the 
intact bone.  *p < 0.05; significant against the BMC at the ulna defects with radiation 
treatment.  †p < 0.05; significant against the BMC in control group at the corresponding 
radiation treatment.  ‡p < 0.05; significant against the BMC in BMP group at the 
corresponding radiation treatment.  §p < 0.05; significant against the BMC of the intact 









 After the surgical resection of tumor, the X-ray irradiation around the tissue is normally 
performed to prevent the tumor recurrence and metastases.  On the other hand, the natural potential to heal 
bone tissue is much damaged by the irradiation, while the dead of key cells for wound healing and the 
inhibition of neovascularization are observed [19].  From the viewpoint of wound healing, the X-ray 
irradiation may not be always recommended.  Consequently, the bone healing is delayed or suppressed 
and the union of materials implanted to the host tissue is not expected.  The technology of bone tissue 
engineering will positively improve these therapeutic issues.  The present study assessed the promising 
potential of gelatin-ß-TCP scaffolds in inducing bone regeneration at a segmental ulna defect of rabbits 
X-ray irradiated.   
In the clinical situation, it is practically important to select the timing and total dose of X-ray 
irradiation because the irradiation conditions required depend on the types of tumor.  The dose of radiation 
high enough to suppress the recurrence of tumor should be selected.  In addition, the divided radiation is 
commonly used not only to achieve high tumor killing activity [20], but also to minimize the radio damages 
of skin and the surrounding tissues.  At the total dose of 20 Gy, natural bone regeneration was observed to 
the same extent as that of non-irradiated tissue defect (data not shown).  However, X-ray irradiation at the 
total dose of 40 Gy reduced the natural osteogenic activity of bone tissue although the apparent tissue 
damages were not observed.  The total dose of 40 Gy is clinically used.  Taken together, in this study, 
8-time devided X-ray irradiation of 5 Gy (total dose of 40 Gy) was selected as the irradiation condition.   
 In this study, the gelatin-ß-TCP scaffold was used as the scaffold for bone regeneration.  It has 
been demonstrated that the gelatin-ß-TCP scaffold functioned not only as the release carrier of BMP-2, but 
also the cell scaffold for cell seeding, proliferation, and osteogenic differentiation.  From the viewpoint of 
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the release carrier, the optimization of BMP-2 release profile is important to efficiently induce bone 
regeneration.  The time period of BMP-2 release depended on that of scaffold degradation which can be 
readily changed by the water content of scaffold by altering the concentration of gelatin and gultaldehyde 
used for scaffold preparation.  Our previous study indicates that the gelatin-ß-TCP scaffold with a water 
content of 97.8 % exhibited the highest activity of BMP-2-induced osteogenesis [10].  On the other hand, 
from the viewpoint of cell scaffold, the amount of ß-TCP in the scaffolds was key to govern the scaffold 
ability for bone regeneration.  It has been demonstrated that the amount of ß-TCP incorporated into the 
scaffold affected the extent of osteogenic differentiation, and the strongest osteogenic differentiation was 
observed for the gelatin scaffold incorporating 50 wt% of ß-TCP [11].  In addition, incorporation of 
ß-TCP enabled the gelatin scaffold to increase the compression modulus without any change of pore 
structure.  Taken together, the gelatin scaffold incorporating 50 wt% of ß-TCP with a water content of 
97.8 % was used for bone regeneration in this study.   
 A rabbit ulna defect of 20-mm length was selected as a critical-sized defect according to the 
method previously reported [18].  It was found that such an ulna bone resection did not impair the survival 
function of experimental animals.  It was experimentally confirmed that no bone regeneration was 
observed both at the ulna defect without any applications and after the application of free BMP-2 solution 
(17 μg/site), irrespective of X-ray irradiation (data not shown).  The μCT and histological results clearly 
indicated no bone regeneration for the empty gelatin-ß-TCP scaffold (control group) (Figures 8-1A-1D or 
Figures 8-2A and 2B), which is similar to the case performed previously with the β-TCP-free gelatin 
hydrogel [18].  This finding indicates that the gelatin-ß-TCP scaffold itself had no ability for bone 
regeneration although it contains ß-TCP granules which have been reported as an osteoinductive substance 
upon implanting into the bone defect.   
 The activity of the gelatin-ß-TCP scaffold incorporating BMP-2 (BMP group) to induce bone 
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regeneration was suppressed by X-ray irradiation (Figures 8-1E-1H or Figures 8-2C and 2D).  From the 
histological examination, the ulna defect was partially occupied by the soft connective tissue.  This 
phenomenon can be explained in terms of cellularity and vascularity of the bone tissue X-ray irradiated.  
Firstly, X-ray irradiation decreases the number of osteogenic cells.  Dudziak et al. have reported that the 
exposure of ionizing radiation to the bone tissue decreased the proliferation of osteoblast-like cells in a 
dose-dependent manner [21].  Secondly, the osteogenic activity of cells was suppressed by X-ray 
irradiation.  The differentiation activity of osteoblasts is often damaged by X-ray irradiation therapy [22].  
In addition, it has been demonstrated that the progenitor stem cells present in the irradiated area was so 
damaged that could not respond to a BMP signal [23].  Thirdly, X-ray irradiation suppresses angiogenesis.  
When vascular endotherial growth factor (VEGF) of angiogenesis in the bone tissue was inactivated by 
X-ray irradiation, the morphogenesis and the remodeling process during the endochondral ossification were 
both inhibited, resulting in the impaired bone regeneration [24].   
Significant bone regeneration at the ulna defect X-ray irradiated for the BMP-BM group 
(Figures 8-1F and 2F) strongly demonstrates that the presence of bone marrow contributed to bone 
regeneration at the irradiated area even when the BMP-2 release system was applied.  It is reported that 
the calcium phosphate scaffold combined with bone marrow significantly improved bone regeneration after 
X-ray irradiation, whereas the scaffold without bone marrow did not induce bone regeneration [25].  It is 
likely that the autologous bone marrow incorporated efficiently proliferated and differentiated to osteogenic 
cells in the gelatin-ß-TCP scaffolds, resulting in enhanced bone regeneration.  In addition, the cellular 
events were also promoted by the BMP-2 released.  Taken these results into consideration, combination of 
cells with high osteogenetic potentials with BMP-2 is essential for bone regeneration at the defect X-ray 
irradiated where the key cells and growth factor are both biologically damaged or lost.   
For bone regeneration, it is important to recover the bone tissue from the functional and 
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structural viewpoints.  Among the bone functions, the mechanical property is considered to be one of the 
key factors in the clinical case.  It is well recognized that the bone mineral density (BMD) and bone 
mineral content (BMC) are strongly related to the mechanical property of bone [26].  The BMP-BM 
enhanced the BMC values at the bone defect as high as that of the intact bone, irrespective of X-ray 
irradiation (Figure 8-3).  In addition, the cross-sectional μCT images revealed that the regeneration of 
cortical-like bone could be detected throughout the ulna defect (Figures 8-1J and 1L).  These findings 
suggest that both the structural and functional regeneration could be achieved by gelatin-ß-TCP scaffolds 
incorporating BMP-2 combined with autologous bone marrow even in the unhealthy condition.  In 
conclusion, considering that both gelatin and ß-TCP are clinically usable, the gelatin-ß-TCP scaffold is a 
practical promising scaffold to induce bone regeneration.   
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The objective of this chapter is to develop a carrier for the controlled release of BMP-2 
suitable for enhancement of the bone regeneration activity.  Hydrogels with different water contents 
were prepared through glutaraldehyde crosslinking of gelatin with an isoelectric point of 9.0 under varied 
reaction conditions.  Following subcutaneous implantation of the gelatin hydrogels incorporating 
125I-labeled BMP-2 into the back of mice, the in vivo retention period of BMP-2 prolonged with a 
decrease in the water content of hydrogels used, although every time period was much longer than that of 
BMP-2 solution injection.  Ectopic bone formation studies demonstrated that ALP activity and 
osteocalcin content around the implanted site of BMP-2-incorporated gelatin hydrogels were 
significantly high compared with those around the injected site of BMP-2 solution. The values became 
maximum for the gelatin hydrogel incorporating BMP-2 with a middle period of BMP-2 retention, while 
bone formation was histologically observed around the hydrogel incorporating BMP-2.  The ALP 
activity was significantly higher than that of the collagen sponge incorporating BMP-2. We concluded 
that the controlled release technology of BMP-2 for a certain time period was essential to induce the 
potential activity for bone formation. 
 
Chapter 2. 
The objective of this chapter is to investigate feasibility of a biodegradable hydrogel of 
gelatin as the controlled release carrier of BMP-2 suitable for enhancement of bone regeneration at a 
segmental bone defect.  Hydrogels with three different water contents were prepared through 
glutaraldehyde crosslinking of gelatin with an isoelectric point of 9.0 under varied reaction conditions.  
- 189 - 
Summary 
A segmental critical-sized defect (20 mm) was created at the ulnar bone of New Zealand white rabbits 
skeletally matured and gelatin hydrogels incorporating BMP-2 (17 μg/hydrogel) were implanted into the 
defects. When bone regeneration was evaluated by soft X-ray observation and BMD measurement, the 
gelatin hydrogels incorporating BMP-2 exhibited significantly high osteoinduction activity compared 
with free BMP-2, although the activity depended on the water content of hydrogels.  Significantly 
higher BMD enhancement was observed for the gelatin hydrogel with a water content of 97.8 wt% than 
that with the lower or higher water content.  We concluded that the biodegradable gelatin hydrogel is a 
promising controlled release carrier of BMP-2 for bone regeneration at the segmental bone defect.   
 
Chapter 3. 
The objective of this study is to investigate feasibility of a biodegradable gelatin hydrogel as 
the controlled release carrier of BMP-2 to enhance bone regeneration at a skull defect of non-human 
primates.  Hydrogels with three different water contents were prepared through glutaraldehyde 
crosslinking of gelatin with an isoelectric point of 9.0 under varied reaction conditions.  A critical-sized 
defect (6 mm in diameter) was prepared at the skull bone of cynomolgus monkeys skeletally matured 
while gelatin hydrogels incorporating various doses of BMP-2 were applied into the defects.  When the 
bone regeneration was evaluated by soft X-ray and BMD examinations, the gelatin hydrogel 
incorporating BMP-2 exhibited significantly high osteoinduction activity compared with an IBM 
incorporating BMP-2 which is one of the best osteoinduction systems, although the activity depended on 
the water content of hydrogels.  The highest BMD enhancement was observed for the gelatin hydrogel 
with a water content of 97.8 wt% among all types of hydrogels.  Moreover, the gelatin hydrogel enabled 
BMP-2 to induce the bone regeneration induction in non-human primates even at low doses.  It is 
concluded that the controlled release of BMP-2 for a certain time period was essential to induce the 
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osteoinductive potential of BMP-2.   
 
Chapter 4. 
Biodegradable gelatin sponges at different contents of ß-TCP were fabricated to allow BMP-2 
to incorporate into them.  The in vivo osteoinduction activity of the scaffolds incorporating BMP-2 was 
investigated, while their in vivo profile of BMP-2 release was evaluated.  The sponges prepared had an 
interconnected pore structure with an average pore size of 200 μm, irrespective of the ß-TCP content.  The 
in vivo release test revealed that BMP-2 was released in vivo at a similar time profile, irrespective of the 
ß-TCP content.  The in vivo time period of BMP-2 retention was longer than 28 days.  When the 
osteoinduction activity of gelatin or gelatin-ß-TCP scaffolds incorporating BMP-2 was studied following 
the implantation into the back subcutis of rats in terms of histological and biochemical examinations, 
homogeneous bone formation was histologically observed throughout the sponges, although the extent of 
bone formation was higher in the sponges with the lower contents of ß-TCP.  On the other hand, the level 
of alkaline phosphatase activity and osteocalcin content at the implanted sites of sponges decreased with an 
increase in the content of ß-TCP.  The gelatin scaffold exhibited significantly higher osteoinduction 
activity than that of any gelatin-ß-TCP scaffold, although every scaffold with or without ß-TCP showed a 
similar in vivo profile of BMP-2 release.  In addition, the in vitro collagenase digestion experiments 
revealed that the gelatin-ß-TCP scaffold collapsed easier than the gelatin scaffold without ß-TCP 
incorporation.  These results suggest that the maintenance of the intrasponge space necessary for the 




- 191 - 
Summary 
Chapter 5. 
MSC were isolated from the bone marrow of rats and seeded into a non-woven fabric of PET 
by the agitated and static methods.  The MSC attachment was investigated in terms of the number of 
cells attached to the fabric, their distribution inside the fabric, and the cell damage.  The number of 
MSC attached was larger for the agitated seeding method than for the static seeding method.  The 
higher the rotating speed in the agitated seeding, the larger the number of cells attached.  When the cell 
suspension was seeded to the fabric at the culture medium volume of 50 and 200 μl in the well of culture 
plate or the culture tube, the best cell attachment was observed for the tube culture group at the larger 
volume.  The cells were attached more homogeneously throughout the fabric at a larger number than the 
case of other culture groups.  It is possible that the agitating of cell suspension allows cells to infiltrate 
uniformly into the inside of fabric, resulting in homogeneous distribution of cells in the fabrics.  A 
biochemical study revealed that neither the agitated nor static seeding methods gave cells any damages, 
irrespective of the medium volume and the type of culture vessel.  We conclude that the agitated 
seeding is a promising method to formulate a homogeneous construct of fabric and MSC.   
 
Chapter 6. 
The proliferation and osteogenic differentiation of MSC were investigated in 
three-dimensional non-woven fabrics prepared from PET fiber with different diameters.  When seeded 
into the fabrics of cell scaffold, more MSC attached in the fabric of thicker PET fibers than that of 
thinner ones, irrespective of the fabric porosity.  The morphology of cells attached became more spread 
with an increase in the fiber diameter of fabrics.  The rate of MSC proliferation depended on the PET 
fiber diameter and porosity of fabrics: the bigger the fiber diameter of fabrics with higher porosity, the 
higher their proliferation rate.  When the ALP activity and osteocalcin content of MSC cultured in 
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different types of fabrics were measured to evaluate the ostegenic differentiation, they became maximum 
for the non-woven fabrics with a fiber diameter of 9.0 μm, although the values of low-porous fabrics 
were significantly high compared with those of high porous fabrics.  We concluded that the attachment, 
proliferation, and bone differentiation of MSC were influenced by the fiber diameter and porosity of 
non-woven fabrics as the scaffold.   
 
Chapter. 7. 
Biodegradable gelatin scaffolds incorporating various amounts of ß-TCP (gelatin-ß-TCP) 
were fabricated and the in vitro osteogenic differentiation of MSC isolated from rat bone marrow in the 
scaffolds was investigated.  The gelatin-ß-TCP scaffolds have an interconnected pore structure with the 
average size of 180-200 μm, irrespective of the ß-TCP amount.  The stiffness of the scaffolds became 
higher with an increase in the amount of ß-TCP.  When seeded into the scaffolds by an agitated method, 
MSC were homogeneously distributed throughout the scaffold.  The morphology of cells attached got 
more spread with the increased ß-TCP amount.  The rate of MSC proliferation depended on the ß-TCP 
amount and culture method: the higher the ß-TCP amount in the stirring culture, the higher the 
proliferation rate.  The deformed extent of gelatin-ß-TCP scaffolds was suppressed with the increased 
amount of ß-TCP.  When measured to evaluate the osteogenic differentiation of MSC, the ALP activity 
and osteocalcin content became maximum for the scaffold with a ß-TCP amount of 50 wt％,  Although 
both the values were significantly high in the stirring culture compared with those in the static culture.  
We concluded that the attachment, proliferation, and osteogenic differentiation of MSC were influenced 
by scaffold composition of gelatin and ß-TCP as the cell scaffold.   
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Chapter 8. 
 The objective of this study is to evaluate the feasibility of gelatin scaffolds incorporating 
β-tricalcium phosphate (β-TCP) granules (gelatin-ß-TCP scaffolds) to enhance bone regeneration at a 
segmental ulna defect of rabbits X-ray irradiated.  After X-ray irradiation to the ulna bone, segmental 
critical-sized defects of 20 mm length were created, and then the gelatin-ß-TCP scaffolds with or without 
bone morphogenetic protein-2 (BMP-2) and the sponges incorporating BMP-2 plus autologous bone 
marrow were applied into the defects to evaluate bone regeneration.  The gelatin-ß-TCP scaffolds 
incorporating BMP-2 (BMP) enhanced bone regeneration at the ulna defect to a significantly great extent 
compared with the BMP-2-free scaffolds (control).  However, for the bone X-ray irradiated, the BMP 
did not achieve bone regeneration as effectively as that without X-ray irradiation.  When combined with 
autologous bone marrow, the BMP exhibited significantly high osteoinductivity, irrespective of X-ray 
irradiation.  The value of bone mineral content (BMC) at the ulna defect was the level similar to that of 
the intact bone.  It is concluded that the combination of bone marrow with gelatin-ß-TCP scaffold 
enabling BMP-2 release is a promising way to induce bone regeneration at the segmental bone defect 
following X-ray irradiation.  
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